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ABSTRACT
Yow, Justin. Topo-Climatic effects on fuel loading in ponderosa pine (Pinus ponderosa) forests
of the Colorado Rocky Mountains. Unpublished Master of Science thesis, University of
Northern Colorado, 2022.
Ponderosa pine (Pinus ponderosa) is an ecologically important tree species occupying
much of the American West. Historically, wildfires in Colorado’s ponderosa pine forests were
commonplace. With its many fire adaptations, mature ponderosa pine could survive lowintensity fire, and the forests could remain within their historic range of variability. However,
forest fuel dynamics are being altered via rapidly increasing climatic variability and the
anthropogenic effects of European settlement. If fuel sources such as coarse woody debris, litter,
and ladder fuels accumulate for unusually long periods of time, the risk for severe canopy
wildfire is significantly increased. When these anomalous disturbances occur, large swathes of
forested land are destroyed and may be unable to regenerate. A key restoration focus is the
mitigation and prevention of intense wildfires. This is done using a regularly prescribed fire
regime and forest thinning practices to reduce surface fuel loads. Prediction of fuel loads at the
forest floor is pivotal when assessing the hazard level a forest fire may present. Scientists already
have much data correlating fuel characteristics to fire effects and behavior. However, links
between montane climate variability and relative effects on fuel load characteristics have not
been extensively explored in the Front Range and southwestern Colorado. This study system was
uniquely located along a North-South monsoonal gradient and encompasses variable aspects,
slopes, and elevations, providing topographic differences within the species’ range in Colorado.
The aims of this study were:
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A1

To evaluate how coarse woody debris fuel mass changes over time within
unique plots across montane regions of Colorado.

A2

To determine how decomposition rates are influenced during a growing
season across plots.

A3

To assess the hierarchy of local topographic drivers on microclimate within a
particular site.

A4

Describe how varying fuel types are influenced by these topo-climatic
relationships.

This research resampled forest fuels in old-growth ponderosa pine forest plots initially
taken in 1994 (Robertson & Bowser, 1999). Additionally, we analyzed FIA (forest inventory and
analysis) fuel type datasets. To accomplish this, we used two different scales: 1) a 1994-2021
coarse woody debris resample and 2) a large-scale analysis of Colorado’s downed woody
material from forest inventory and analysis (FIA) datasets. We found that coarse woody debris
increased in all but one plot that experienced definite fuel management and was primarily
associated with growing season precipitation. Decomposition did not significantly differ across
field sites. However, decay rates appeared to be limited by precipitation and temperature. While
topo-climatic associations were strong and primarily hinged on elevation, these associations were
not strongly associated with fuel accumulations. Topo-climatic relationships to forest fuel
deposition, decomposition and change over time are important components in wildland fuels
prediction. With an ever-increasing need for accurate fuel estimation techniques in the face of
future climate change and subsequent mega-fire, researchers should place greater importance on
a holistic understanding of wildland fuels and the array of factors that influence them.
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PREFACE
Before proceeding, I would like the reader to acknowledge that both the University of
Northern Colorado and the lands discussed in this thesis are a part of the ancestral territories of
the Ute, Cheyenne, Arapaho, and Lakota peoples. I also acknowledge that 48 tribes are forever
intertwined with the state of Colorado and recognize the connections the native peoples have
with this land.
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CHAPTER I
INTRODUCTION TO THE STUDY SYSTEMS: PONDEROSA
PINE FORESTS, FIRE DRIVERS, FIRE HISTORY, FIRE
DRIVERS AND ASSOCIATED IMPACTS
Ponderosa Pine Importance and Ecosystem Services
Ponderosa pine (Pinus ponderosa) forests are commonplace along the foothills of
Colorado’s Rocky Mountains and Southwestern Mountain ranges (Benson & Green, 1987;
Ponderosa Pine, Colorado State Forest Service) and provide many ecosystem services such as
carbon sequestration (Sedjo & Sohngen, 2012), habitat biodiversity, aesthetics, timber sourcing,
(Huckaby, 2003) nutrient cycling, (Foster & Bhatti, 2006) and perpetuation of clean water from
mountainous watersheds (Addington et al., 2018). The species is one of the most commercially
valuable trees in the American West and wood is sourced for a variety of products (Howard,
2003). The understory of ponderosa pine is diverse and acts as a grazing habitat for livestock
(Easterly & Jenkins, 1991; Howard, 2003; Turkowski, 1980). Cavity nesting birds frequently use
ponderosa pine snags for nesting and roosting (Cunningham et al., 1980; Howard, 2003). Mast
produced by the species is used as forage for a variety of species like mule deer, squirrels, and
other mammals (Goodwin, 1979; Howard, 2003). Additionally, southwestern ponderosa pine
forests, especially those with an understory of gambel oak (Quercus gambelii), are home to the
Mexican Spotted Owl, a threatened species which uses the trees for nesting and roosting (Ganey
et al., 1999).
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Sub-Species
Presently, ponderosa pine consists of five significant sub-species: Pinus ponderosa subsp.
brachyptera (southwestern ponderosa pine), Pinus ponderosa subsp. Ponderosa (Columbia
ponderosa pine), Pinus ponderosa subsp. Critchfieldiana (Pacific ponderosa pine), Pinus
ponderosa subsp. scopulorum (Rocky Mountains ponderosa pine), and Pinus ponderosa subsp.
readiana (central high plains ponderosa pine) (Callaham, 2013). The Rocky Mountain ponderosa
pine and southwestern ponderosa pine varieties are the two sub-species inhabiting Colorado.
However, most ponderosa pine forests in Colorado are comprised of the Rocky Mountain variety
(Callaham, 2013).
Distribution
This species’ range extends from as far south as Mexico, into some parts of southern
Canada, as far east as Nebraska, and as far west as California (Huckaby, 2003; Oliver & Ryker,
1990). Specifically in Colorado, ponderosa pine can be found starting at the edges of the plains
(around 1,500 meters) to as high as 3,000 meters on the warmer south-facing montane slopes
(Huckaby, 2003). This species comprises roughly 809,000 hectares of the state’s forests.
Climate and Site Characteristics
Ponderosa pine is drought, heat, and to an extent, fire tolerant (Huckaby, 2003). Moisture
availability is usually the limiting growth factor associated with ponderosa pine (Oliver & Ryker,
1990). Typically, the species is dominant on warm, dry sites with low annual precipitation.
Mature ponderosa pines may withstand temperature extremes between -40° and 43° C, but
average annual temperatures range from 5°-10° C (Oliver & Ryker, 1990).
Soil types supporting ponderosa pine include sedimentary and igneous parent material
such as basalt, limestone, and sandstone. Soil orders may include Mollisols near grasslands,
Entisols and Inceptisols in rockier steep terrain, and Alfisols in more heavily forested areas
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(Addington et al., 2018; Natural Resources Conservation Service, 2017). Soil texture can vary
widely from sandy, silty, clayey, and even gravely (Avery et al., 1976; Clary, 1975; Hansen et
al., 1984; Howard, 2003; Simpson, 1999).
Morphology and Stress Adaptations
Ponderosa pine is a shade-intolerant evergreen conifer species. The Rocky Mountain and
Southwestern varieties tend to be shorter than other sub-species (Howard, 2003) but may still
grow upwards of 48 meters tall and 127 centimeters in diameter in some southwestern areas of
the Rocky Mountains (Howard, 2003; Schubert et al., 1981). Mature tree diameters may range
from 50 cm to 130+ cm depending on site conditions and moisture availability (Oliver & Ryker,
1990). Additionally, ponderosa pine is a long-lived species. The oldest known individuals exceed
700 years (Howard, 2003; Lanner, 1984; Schubert et al., 1981), but there are several mature,
canopy-dominant trees throughout Colorado between 200 and 400 years old (Huckaby, 2003).
Ponderosa pines have 7–25.4 cm needles in fascicles of three and occasionally two
(Oliver & Ryker, 1990). However, Rocky Mountain and Southwestern varieties have needles
between 7.62-17.78 cm in clusters of 2 and 3, respectively. Cone lengths vary from 5-10 cm in
length (Barkworth & Adams, 1993; Howard, 2003) and 2-4 inches in diameter (Oliver & Ryker,
1990). Ponderosa pine bark is brown/orange and becomes thick and plate-like when mature
(Oliver & Ryker, 1990). Bark thickness in mature trees can reach roughly 7.6 cm (Howard,
2003; Lanner, 1984). The trees also have an exceptionally long taproot, enabling them to endure
drought-like climates in their juvenile stages. This root can extend up to 50 cm within the first
few months of life to help saplings take in water. When fully matured, a ponderosa pine’s root
system may reach 1.8 meters in depth (most roots are concentrated somewhere between 0.9-1.2
meters deep) (Howard, 2003) and extend upwards of 45 meters laterally (Oliver & Ryker, 1990).
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Ponderosa pine’s impressive drought tolerance is achieved via its robust root system, sunken leaf
stomata, and very high sapwood to heartwood ratio (Howard, 2003; Moore, 1924).
Fire tolerance is another crucial aspect of ponderosa pine’s stress adaptations. It is the
most highly fire-adapted tree species to surface fire in the American West (Bradley, 1992; Flint,
1925; Howard, 2003). Surface fires typically char mature trees without sustaining any lifethreatening injury (Boldt & Van Deusen, 1974; Howard, 2003; Swetnam & Baisan, 1996;
Weaver, 1967). Several adaptations allow for this resistance to fire, including thick plate-like
bark, which is relatively inflammable, its deep root system, high levels of moisture in foliage,
thick bud scales, and needles that close around meristems to protect them from flames (Bradley,
1992; Howard, 2003; Keeley, 1998; Zwolinski, 1996).
Reproduction and Early Life Stages
Ponderosa pine is a monoecious species that cross-pollinates with other individuals via
wind. Ponderosa pine reproduces using seed cones in two-year intervals beginning around ages
10 to 20 (Howard, 2003; Krugman & Jenkinson, 1974; Lanner, 1998). Typically, seeds are
scattered by the wind and land close to the parent tree (Howard, 2003; Oliver & Ryker, 1990).
After dispersing, seeds need adequate mineral soil, warmth, and moisture to germinate (Howard,
2003; Larson & Schubert, 1970). Ponderosa pine seeds usually germinate the year of dispersion
but can sometimes germinate in the following spring or summer (Jones, 1974). These conditions
may occur in the months following fire or in subsequent years. These after-fire conditions or
other canopy opening disturbances allow for shade-intolerant seedling survival. Wet growing
seasons and an open canopy following a fire event promote the greatest seedling establishment.
However, seedlings may also establish without an unusually wet post-fire season (Howard, 2003;
Mast et al., 1998). Ponderosa seedlings allocate more carbon to roots, saplings allocate more to
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foliage, and mature trees prioritize woody tissue (Grulke & Retzlaff, 2001; Howard, 2003). The
primary hindrances to seedling persistence are fire events and excessive drought (Howard, 2003;
Jones, 1967; Larson & Schubert, 1970).
While mature ponderosa pine can frequently survive surface fire, crown fire almost
always results in mortality (Alexander, 1986, 1987; Davis, 1968; Harrington & Hawksworth,
1990; Howard, 2003; Wright & Bailey, 1982; Zwolinski, 1996). Ponderosa seedlings and
saplings rarely survive surface fires (Bock & Bock, 1984; Brandegee, 1891; Howard, 2003), but
if saplings can develop in more open environments, they can acquire fire-tolerant traits more
rapidly than individuals in crowded stands. Thick stands are inherently more fatal to seedlings
and saplings due to increased foliage per unit area and lower bark thickness. Crowded stands
such as these also increase the risk of crown fire because younger trees act as ladder fuels,
carrying fire to the canopy (Bradley, 1992; Howard, 2003).
Succession and Species Occurrences
Typically, along the Front Range of Colorado, ponderosa pine can be found with Rocky
Mountain Douglas-fir (Pseudotsuga menziesii var. glauca) and Rocky Mountain juniper
(Juniperus scopulorum) on north and south-facing slopes, respectively (Howard, 2003; Mast et
al., 1998). Another coexisting tree species is quaking aspen (Populus tremuloides) which
typically occurs in ponderosa pine forests that have experienced recent disturbance or
experiences regularly occurring disturbances (Clary, 1975; Howard, 2003). In southernly, more
moist ponderosa pine forests of Colorado, there is frequently an understory of gambel oak
(Quercus gambelii) (DeVelice, 1986; Howard, 2003).
Ponderosa pine is a pioneer species throughout the West and, in many cases, is the first
conifer to establish on a site following disturbance (Howard, 2003; Jones, 1974). Fire is the most
common cause of a successional reset throughout most of ponderosa pine’s range. However,
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beetle kill and windthrow are prevalent causes of ponderosa pine stand initiation as well.
Ponderosa seedlings may establish under partial canopy conditions. However, roughly 70 years
following a stand-replacing disturbance event, seedlings can no longer establish due to complete
canopy closure caused by mature ponderosa pine (Howard, 2003; Lundquist & Negrón, 2000).
Across many sites, more shade-tolerant species may establish under the pre-existing canopy
dominant ponderosa pine. Species such as Rocky Mountain spruce (Picea spp.) and Douglas-fir
may replace previous stands of dominant ponderosa forest should there be a prolonged absence
of disturbance (Howard, 2003).
Historical and Modern Fire Regime
An overarching question in the restoration and protection of Colorado’s ponderosa pine
forests is whether modern fire regimes differ from historical regimes, and if so, to what degree?
Generally speaking, ponderosa pine systems of the Front Range of Colorado are assumed to have
maintained a high-frequency, low-severity regime (mean fire interval or MFI = 30 years)
(McKinney, 2019; Sherriff et al., 2014; Sherriff & Veblen, 2006). There is some contention in
the literature, however. Romme et al. (2003) and Williams and Baker (2012a) describe a larger
proportion of mixed severity (low frequency-high severity and high frequency-low severity) fire
regimes dominating the landscape of the Front Range. Disagreement about historical fire regime
exists for southwestern Colorado as well. Bigio et al. (2010) determined that a low to mixedseverity regime persisted throughout the Southwest, while Brown and Wu (2005) suggested that
there was evidence for a frequent low severity fire regime across the landscape (McKinney,
2019).
Sherriff and Veblen (2008) proposed that underlying factors in these systems may be
contributing to variability in frequency and severity of fire. Elevation-dependent fire differences
may be due to fuel load changes influenced by local climate (McKinney, 2019; Sherriff &
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Veblen, 2008). Ponderosa pine forests of Colorado’s Front Range appear to have maintained a
low-severity fire regime in lower montane and grassland habitats and a low- to mixed-severity
fire regime in most other areas (Baker et al., 2007; Hessburg et al., 2005). Historically, a less
common, forest-altering fire might have impacted the lower zones, with the upper zones being
affected in this way more often (Veblen et al., 2000). A primary driver behind these fires is
climate variability within these zones. In the upper montane areas, a more mesic landscape is
typically dominant. This allows for forest floor fuels accumulation without frequent elimination
via wildfire. However, when a drought period does occur in these zones, it can result in a severe
crown-fire due to a buildup of fuel sources (Schoennagel et al., 2004). Historically, closer to the
xeric lower montane zones of the Front Range, severe wildfires would occur less commonly,
with more low-severity wildfires shaping the forest landscape (Schoennagel et al., 2004; Veblen
et al., 2000). In the Southwest, Bigio et al. (2016) proposed that climate also influenced fire
regime. However, these differences were spatially influenced as opposed to elevational
(McKinney, 2019)
Five parameters constitute a complete understanding of the fire regime in a given area.
Fire frequency (1) is the mean number of years between individual fires in an area. This is
typically referred to as mean fire return interval or MFI. Fire severity (2) represents the degree to
which the fire caused an environmental change in a given area. Fire severity is typically ranked
by low, moderate, high, or mixed severity (McKinney, 2019).
Fire extent (3) describes the area in which a particular fire spreads. This can also
represent the total area in which the fire spread (assuming individual spot fires stemmed from the
main fire). Fire seasonality (4) is the time of year in which a fire has occurred in a given area.
This is typically determined using fire scar positions on growth rings when dendrochronology
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measurements are conducted. Lastly, fire-climate relationship (5) evaluates the degree to which
climate in a given area influences fire regime (i.e., moisture availability’s effect on fuel loads in
an area) (McKinney, 2019).
There are many studies regarding historic and modern fire regimes in Colorado’s forests.
A meta-analysis was conducted by McKinney (2019) that encompasses twenty-six publications,
all attempting to quantify a fire regime parameter within Colorado’s ponderosa pine forests.
According to site-level means from 17 studies, fire frequency decreases with elevation (r =0.33,
P<0.05). Sites < 2400 meters had significantly lower MFI than sites >2400 meters. Additionally,
Front Range sites had an MFI difference of 5 years compared to Southwestern sites. Geographic
(Front Range vs. Southwestern) variability appears to affect MFI, with more frequent fire
occurring in the Southwestern sites. However, elevation variability appears to play a more
significant role in fire frequency (McKinney, 2019). Mean fire severity (%) was calculated based
on seven studies evaluating the parameter. “Mixed-severity” fire accounted for 45% of
observations, followed by low severity (38%) and high severity (17 %) (McKinney, 2019).
However, only one of these studies (Bigio et al., 2016) looked at southwestern sites.
Additionally, fire severity classification differed across studies, making comparison difficult.
Seven studies with a total of 39 sites were evaluated for fire seasonality. Latewood fire scars
made up the majority of observations (69%). A majority of sites (87%) had high latewood to
earlywood scarring. Neither latitude nor elevation appears to strongly affect fire seasonality in
Colorado (McKinney, 2019). These latewood scarring ratios tell us that most fire occurs in
Colorado at the end of the growing season (late summer to early fall) as opposed to earlywood
time frames (spring to early summer). Twelve studies were analyzed pertaining to fire-climate
relationships. Elevational differences (>2400 m vs <2400 m) and geographic differences (Front
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Range vs. Southwest) were examined. Across all sites, 100% of the observations exhibited drier
than average conditions during fire years. Wetter than average conditions were displayed both
two (62% of observations) and three years (68% of observations) before fire events. When
comparing low vs. high elevations, both had drier conditions during the fire year with wetter than
average conditions 2 and 3 years preceding the fire. However, high elevation sites exhibited
wetter than average conditions 1-year preceding fire whereas lower elevations did not. When
comparing the Front Range vs. Southwest sites, they both exhibited drier than average conditions
during the fire year and wetter than average conditions 2 and 3 years preceding the fire. This is
similar to the conditions during these years in low vs. high elevations However, Front Range
sites exhibited drier than average conditions 1 year preceding a fire while Southwest sites
exhibited wetter than average conditions in the 3 years preceding fire. (McKinney, 2019). Fire
extent data are relatively lacking compared to data surrounding the other four parameters. Four
studies estimated fire extent. However, only Sherriff and Veblen (2006) and Ehle and Baker
(2003) sampled overlapping years and used the same methodology. This allowed McKinney
(2019) to evaluate the mean minimum fire size from 1782 to 1913. The mean minimum extent
from 1782-1859 was 68 ha (Sherriff & Veblen, 2006). Litschert et al. (2012) determined that the
number of fires in the largest size classes increased significantly from 1930 to 2006. These data
encompass much ponderosa pine-forested land from northern Mexico to southern Wyoming.
However, McKinney (2019) deemed that roughly 66% of these fires occurred in Colorado. The
total area burned by larger fire size classes has increased dramatically from the earliest period
(1930-1950) at 22 km2 to 1986 km2 in the most recent period (1991-2006). Additionally,
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McKinney (2019) suggests that the average fire size has increased from 0.043 km2 to 0.320 km2
in recent years. He adds that while the number of large fires is increasing, so is the number of
fires.
In summary, ponderosa pine forests in Colorado appear to be characterized by a highfrequency, low-severity to mixed-severity fire regime with high-severity fires occurring much
less often. Fires mostly occur in late summer to early fall in years with drier than average
weather preceded 2-3 years by higher amounts of precipitation. Additionally, fire extent and
severity have increased dramatically in recent years relative to prior periods. Elevation, latitude,
and their respective climate variability appear to be the two main factors driving variability in
fire regime parameters across the Colorado Front Range and southwestern ponderosa pine
forests.
Other Disturbances
Historically, fire is the most influential disturbance occurring in these forests. However,
other factors play a role in the disturbance regimes of ponderosa pine. On several occasions
throughout the past two centuries, studies point to evidence regarding outbreaks of mountain
pine beetle (Dendroctonus ponderosae) (Addington et al., 2018; Veblen & Donnegan, 2005;
Witcosky, 2009). These beetle outbreaks typically occur in densely stocked forests and in years
when temperatures in the winter do not get low enough to negatively impact beetle populations
(Addington et al., 2018; Graham et al., 2016; Hood et al., 2016; Negrón & Popp, 2004; Veblen &
Donnegan, 2005). At low population density, these beetles typically only kill smaller more
stressed trees but will infest large older trees during outbreak years (Addington et al., 2018;
Negrón & Popp, 2004). Additionally, beetles only affect mature trees, which is different than
fire, where understory species are primarily impacted (Addington et al., 2018). Lightning and
windthrow also play smaller roles in the disturbance regimes in these forests. Lightning can kill
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individuals or small patches of trees while windthrow affects larger groupings of trees but
typically only closer to sub-alpine elevations (Addington et al., 2018).
European Settlement and Ecological Shifts
European settlement brought with it several major drivers that would heavily influence
Front Range forest dynamics. Settlers actively suppressed fires allowed cattle grazing, and
logged forests. Addington et al. (2018) summarize several major changes that have occurred in
these forests since the dawn of European settlement. 1) Increases in forest density are apparent in
modern times due to conditions created by fire suppression. This increases fuel load and acts as
an agent to carry fire into the canopy. Brown et al., (2015) compare historic (1860) tree density
(0-320 trees/hectare) and basal area (0-17.1 𝑚2 /hectare) with modern estimates (175-1010
trees/hectare; 4.4-23.1 𝑚2 /hectare) in ponderosa pine forests of Colorado’s Front Range. 2)
Forest openings appear to be less frequent than they previously were. Openings can consist of
areas where little to no tree species occur on the landscape, such as a meadow. These openings
would act as fire breaks in a way, preventing canopy fire from spreading as easily. Infill of trees
due to fire exclusion has closed many of these openings, thus promoting the spread of fire across
a landscape. 3) Landscape heterogeneity, which is important for maintaining wildlife species
diversity has been reduced. 4) Shade-tolerant species abundance has increased greatly in modern
times. 5) Fire regime and effects thereof have greatly shifted. Frequent low-severity fires with a
mix of higher severity fires have been replaced by a much higher occurrence of high-severity
fires. This, in turn, promotes increased landscape homogeneity and reduces the regeneration of
tree species for many years to come. There is clear evidence that suppression of fires in the Front
Range forests has made them more prone to intense wildfire, at least in the lower montane zones
(Hessburg et al., 2005; Schoennagel et al., 2004). When fire suppression occurs, low severity,
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more frequent fire regimes that typically dominated lower elevations are halted. Instead of fuels
being burned at historic intervals, they’re allowed to accumulate for longer amounts of time. In
addition to this, a lack of fire promotes the ingrowth of shade-tolerant tree species (ladder fuels)
that can carry fire to the forest canopy. When a fire year inevitably occurs in these forests, excess
fuels exacerbate fire intensity and size, usually leading to crown fire and death of mature
ponderosa pine.
Forest Fuel Sources
Forest fuel sources come in a variety of forms: 1) coarse woody debris (CWD) such as
stumps, branches, or whole tree trunks, 2) fine fuels such as leaf litter, duff, or understory
vegetation occurring at the forest floor and more easily combustible than larger woody debris,
and 3) living trees and shrubs occurring from the understory to the mid-canopy. The living trees
and shrubs are “ladder fuels” that may act to carry fire from the forest floor to the upper canopy
where crown fire may occur (Addington et al., 2018). All of these sources can be classified into
1-,10-, 100-, or 1000- hour fuels. These classifications describe how long it will take that fuel
source to lose its moisture content. (Addington et al., 2018). Finer fuels such as litter, understory
vegetation, and small woody debris are primarily responsible for wildfire ignition and spread.
While larger fuels such as coarse woody debris are responsible for increasing wildfire intensity
(Brown & Davis, 1973). In addition to fuel size, the fuel’s moisture content, distribution and
quantity also play large roles in wildfire behavior. Typically, fuels with a moisture content of
30% or less can be readily ignited. Likely, the 1-hour and 10-hour fuels will be the first to reach
these low moisture thresholds. If a wildfire is allowed to persist and intensify it may burn fuels
with 100% moisture content as well (Brown & Davis, 1973). Fuel distribution plays a large role
in the spread and ignition of wildfire. Key elements of distribution are fuel porosity (how closely
packed fuels are) and continuity (horizontal and vertical). More compact fuel sources are
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difficult to ignite due to increased moisture availability and lack of airflow. Likewise, less
compact fuel beds will have decreased moisture availability and increased airflow, aiding in fire
ignition and spread. Fuel continuity refers to the fuel’s potential to spread wildfire. If a fire
reaches an area with no fuel, then it cannot perpetuate in that direction. This applies both
laterally across the forest understory and upwards into the overstory canopy (Brown & Davis,
1973). Lastly, fuel quantity describes the mass of organic material available for combustion in a
wildfire usually measured in Mg/ha. Typically, this measure excludes all commercially valuable
biomass such as large timber species even though these species can contribute greatly when
canopy fire occurs (Brown & Davis, 1973). A primary management goal in ponderosa pine
restoration is the reduction of surface fuels via prescribed fire, and thinning practices (Addington
et al., 2018; Ashton & Kelty, 2018). Thinning involves manually removing trees and mid-canopy
ladder fuels in order to reduce forest density. Prescribed fire mainly targets smaller surface fuels
that would promote wildfire ignition and continuity (Ashton & Kelty, 2018).
Understanding decomposition rates of coarse woody debris and fine fuels is an important
factor in predicting fire hazards in forested ecosystems (Keane, 2008). The four processes which
constitute a complete understanding of fuel loading are vegetative growth, deposition,
decomposition, and disturbance. Particularly when assessing fire hazards, it is essential to
understand the rates at which deposition and decomposition occur (Keane, 2015). Deposition
occurs either through tree mortality or self-pruning. Decomposition will occur at higher rates in
more mesic environments. If deposition rates exceed the rates at which organic materials are
decomposing, then fuel accumulation increases (Keane, 2008; Stalling et al., 2017). For
ponderosa pine, decay constants of 0.05 for CWD (Avery et al., 1976) and between 0.05 and
0.14 for foliage (Stohlgren, 1988) have been observed. However, CWD and foliage
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decomposition rates are relative to Arizona and California, respectively. These are bound to be
somewhat different related to ponderosa pine forests of montane Colorado.
Leaf litter and its decomposition are important factors driving wildfires (Stalling et al.,
2017). These factors can contribute largely to soil and atmospheric carbon sinks (Aerts, 1997;
Zhang et al., 2008). Quantifying soil carbon quantities can assist in the comprehension of
decomposition rates within the ponderosa forests of the Rocky Mountains. “With a combination
of latitude, mean annual temperature and carbon: nitrogen ratio accounting for 87.54% of the
variation in the litter decomposition rates” with latitude affecting decomposition rates of leaf
litter indirectly via mean annual temperature and mean annual precipitation (Zhang et al., 2008
pg.92). Much of leaf litter decomposition can be attributed to latitude and annual
precipitation/temperature; therefore, linking soil carbon to climate variables may prove to be a
valuable factor for modeling climate and fuel dynamics in mountainous systems.
Topographic and Climatic Influences on Fire and Fuels
Along the Front Range, precipitation can vary largely depending on latitude, and within
that, elevation. In the northern Front Range, most precipitation can be attributed to a winterspring (peaking in April-May) regime influenced by the winter jet stream. In the south, a mid to
late summer (peaking in July-August) dominant precipitation regime is evident (Veblen &
Donnegan, 2005) and attributed to the summer monsoonal season which is much more influential
in the southern Front Range (Addington et al., 2018; Veblen et al., 2000). Elevation has a
dramatic impact on precipitation regimes as well. Both soil moisture and precipitation increase
with elevation. Lower temperatures and evaporative rates lead to snowpack retention for the
majority of the year at higher elevations. This supplies these areas with more moisture
availability into the summer, leading to biomass production and safeguarding forest fuels
(Addington et al., 2018).

16
Schoennagel et al. (2004) reviews the interactions between climate, fire, and fuels of the
Rocky Mountains. In areas with lower elevation, fine fuels were traditionally the main fire
driver, however, in higher elevation areas, climate is a much more dominant driver. This makes
fire in lower elevation zones fuel limited while fires in higher elevations are more climate
limited. Additionally, historic fire intervals for high elevation zones were much longer than in
lower zones due to increased precipitation year-round, which is why higher elevations are able to
maintain much higher fuel loads and subsequently result in large intense fires when they do burn.
In addition, early 20th-century fire suppression has severely impacted fire regimes in lower
montane zones, but supposedly not so much in the higher zones.
Aspect and slope also play a large role in moisture availability and precipitation. Northfacing slopes generally retain more snowpack and soil moisture due to less direct solar radiation
causing lower temperatures and less evaporation (Addington et al., 2018). More shallow slopes
(<20%) tend to exhibit higher moisture than steeper slopes (>40%) (Addington et al., 2018;
Morris & Moses, 1987). Bigio et al. (2016) describe how local-scale topography can be a
primary driver of fire regime in an area. At landscape scales (1-100 kilometers) fuel dynamics
vary largely depending on aspect, fire barriers, and slope. However, regional-scale climate events
like drought, or monsoonal activity may act as an overarching variable driving similar fire
occurrence across different topographies. “Gentle” terrain also appears to have more
homogenous fuel loading and fire dynamics as opposed to rough terrain with many breaks.
North-facing aspects appear to have a longer mean fire return interval (MFI) while south-facing
aspects tend to have a shorter MFI. The same relationship was found to be true with west-east
aspects, with western-facing slopes experiencing shorter MFI than eastern-facing slopes. Bigio et
al. (2016) determine that local-scale influences such as aspect, slope, and rugged terrain may
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have a more pronounced influence over fire regime than regional-scale climate. They also
hypothesize longer fire intervals will be present in areas with rugged terrain as well as northfacing aspects.
A study conducted by Veblen et al., (2000) determined that years of widespread fire are
usually brought about by a drier than usual summer (which is indicative of a La Nina event) that
is preceded 2-5 years by higher precipitation springs (indicative of an El Nino event). The higher
precipitation events cause more vegetative growth and consequently create greater fuel loads.
Veblen et al., (2000) also argues that the alternation of these wet/dry events is more conducive
for intense fire than simply prolonged dry events would be.
Sherriff and Veblen (2008) looked at the dynamic influence of ENSO (El Nino Southern
Oscillation) and elevation on fire regimes in the Front Range of Colorado. Their research states
that oscillation events have a varying degree of impact across the Front Range depending on
elevation. Fires in lower elevation (around 2100 m) are fuel-limited until moist years come
around and increase biomass production. It also shows that in higher zones (2200-2800 m), the
preceding moisture years are not as important to fire in the Front Range. Higher elevation fires
are drought-dependent as opposed to fuel-dependent lower elevations. Fires in upper montane
areas are more exaggerated because fuels are typically moister and can be preserved for longer
periods of time. Fuels cannot desiccate in these areas until drought years occur. La Nina (the dry
phase) events are strongly linked to fire years at low and high elevations, but El Nino (the moist
events) only plays a role in lower elevations.
Grissino-Mayer et al. (2004) analyzed plots across the Southern San Juan Mountains to
determine historic fire events in relation to humans and climatic variability. They found a
cessation of fire on sites between 1750 and 1770, which is hypothesized to have been driven by a
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weakened El Nino event in tandem with the cool phase of the Pacific Decadal Oscillation (PDO)
and decreased precipitation on these sites. This provides further evidence of ENSO and PDO
activities controlling Colorado wildfires. They also determine, like with the Front Range, fires in
the San Juan’s are preceded by high precipitation events several years prior to a drought event
(ENSO most likely). However, more recent research by Mason et al., (2017) provides evidence
of a less pronounced ENSO effect on wildland fire in Colorado. Relationships between ENSO
and wildland fire in the western U.S. are complicated and should be studied more heavily.
Fuel dynamics are primarily driven by climate, with prolonged periods of moisture
essentially enhancing fuel loads in higher elevation zones. In comparison, prolonged dry periods
in lower zones lead to less fuel accumulation but more frequent fires (Schoennagel et al., 2004).
More correlation of climate variables with fuel loading can provide insight into forest fire
dynamics.
Climate Change Impacts
The IPCC (Intergovernmental Panel on Climate Change) defines “climate change” as
“the change in the state of the climate that can be identified by changes in the mean and/or
variability of its properties that persists for an extended period, typically decades or longer”
(Intergovernmental Panel on Climate Change, 2014: p.120). In the last 30 years temperatures in
Colorado have increased by 1.1 degrees Celsius on average (Addington et al., 2018; Lukas et al.,
2014). Ray et al. (2014) describe how under the representative concentration pathway (RCP)
4.51, Colorado is projected to experience an increase of 1.4 to 2.8 degrees Celsius by 2050, while
precipitation varies more drastically. RCP 8.5 projections show warming of 1.9 to 3.6 degrees
Celsius.
1

RCP 4.5 is one of the possible pathways describing different climate futures. It is labeled RCP 4.5
W
because that is the predicted radiative forcing value ( 2 ) for the year 2100.
m
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Abatzoglou and Williams (2016) investigate temperature and vapor pressure deficit
increases as well as other climate-related fuel metrics between the years 1984 and 2015
throughout forests of the western US. The effects of human-induced climate change can
undoubtedly be seen in the increasing number of forest fires brought on in recent years.
Anthropogenic climate change is increasing temperature and vapor pressure deficit in many of
our forests (especially western coniferous forests), and likely contributed to around 75% of
higher fuel aridity in these systems, resulting in much higher fire potentials. Shifts in aridity due
to anthropogenic climate change are believed to have doubled forest fire extent since 1984. They
also state that increases in fuel aridity will continue in coming years and will have negative
effects on our forests while fuel sources remain abundant. Prieto et al. (2019) observe reduced
decomposition in dryland shrub leaf litter relative to future climate change. They hypothesize
that this reduction can be attributed to moisture reduction and subsequently lower microbial
populations within the litter.
Rocca et al. (2014) predict climate change’s effects on fire regime in the Rocky
Mountains. Temperature increases will be apparent in all seasons. Additionally, the northern
ranges of the Rockies are projected to see a greater increase in precipitation, while the south is
projected to become drier. Increasing precipitation is projected to lead to more fuels production,
thus more severe fires in higher elevational zones when they do occur. With warming
temperatures, we may see species ranges shift upward in elevation, resulting in fuel load
variability and more combustible fuel sources via increased evapotranspiration (Beniston, 2003).
It is projected that there will also be shifts in mountain hydrology with coming climate
change (Beniston, 2003). Snowpack changes will dramatically affect biomass production and

20
desiccation rates. Increased temperatures will lead to earlier season snowmelt and much less
snowpack in the winter season, thus a longer, drier, and potentially more intense fire season
(Rocca et al., 2014).
Ecological Restoration and Mitigation Practices
Ecological restoration typically refers to the process-based approach of returning an
ecosystem to its “historic norm”. Usually, this historic norm is relative to modern anthropogenic
impacts. The historic range of variability (HRV) describes how a certain ecological system
functioned, adapted, and responded to the natural variation of disturbance in a given space and
time. (Addington et al., 2018; Aplet & Keeton, 1999). A key component of this is the implication
that these systems were dynamic and while exposed to variable natural phenomena, remained
self-sustaining and resilient (Addington et al., 2018). It is incredibly valuable to consider the
HRV when attempting to conduct restoration activities. Understanding the HRV of an ecosystem
can give us a baseline for determining if post-European settlement ecological parameters have
departed from the past. Important components regarding HRV in Colorado’s Front Range
include fire dynamics (frequency, severity, extent, seasonality, and its relationship with climate),
forest species composition, and climate patterns. Although the HRV guides scientists in
ecological restoration, some processes such as climate change and the human population across
the landscape will inevitably cause pronounced differences in ecosystem resilience and
functionality. The future range of variability (FRV) is an adaptive concept and uses the HRV as a
template while also considering these modern issues (Addington et al., 2018). Major goals of
ecological restoration in the Front Range include increased resilience to wildfire, beetle kill, and
climate change (Addington et al., 2018). Subsequently, achieving these goals means
safeguarding Colorado’s natural resources, wildlife habitat, and the peoples inhabiting the
wildland-urban interface.
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Large-scale wildfires deviating from the HRV are becoming more regular. These
deviations can largely be attributed to post-settlement fire suppression and climate change
(Addington et al., 2018). Fire suppression results in densely stocked forests and an abundance of
both forest floor and ladder fuel sources (Brown et al., 2015). Climate change effects on
ponderosa pine forests in Colorado include longer fire season (Litschert et al., 2012), increased
tree mortality during fire events (Rocca et al., 2014), movement of species to higher elevations in
an attempt to escape drought-like climate shifts (Liu & Wimberly, 2016), increases in beetle
outbreaks (Bentz et al., 2010) and higher risk for humans living in the wildland-urban interface
(Addington et al., 2018; Minder et al., 2018). Thus, management practices mitigating climaterelated shifts in vegetation, forest structure, and fire behavior should be prioritized.
One important component in preventing and mitigating anomalous fire occurrences is
prescribed fire. These treatments act to reduce surface fuel load through a controlled fire
administered by land managers (Brennan et al., 1998). Prioritizing areas to administer these
management activities is crucial in wildfire mitigation, making the prediction of fuel load in
Colorado a valuable asset. Through forest floor fuel mapping, land managers can gain valuable
information about when and where the next severe, forest-altering wildfire may occur (Krasnow
et al., 2009). LANDFIRE is a mapping tool used by land managers to assess species
composition, topographic variability, canopy coverage, fuels, and disturbance across the United
States. It is frequently implemented in decision-making processes regarding forest restoration
activities (Ryan & Opperman, 2013). However, data incorporated in this system constantly needs
to reflect real-world climate-related shifts in vegetation and fuels. Thus, there is a consistent need
for more up-to-date datasets representing these changes (Ryan & Opperman, 2013).
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Preliminary Data
This study builds on a dataset (Robertson & Bowser, 1999) collected in 1994. The
sampling they conducted consisted of 328 0.1-hectare plots within 53 stands across the Colorado
Front Range to quantify coarse woody debris. The objectives of the study were to 1) determine
coarse woody debris volume in old-growth ponderosa pine forests, 2) evaluate the structure of
dead tree composition within these forests, and 3) determine the correlation between CWD and
standing dead trees to stand age, structure, and habitat conditions. Coarse woody debris (CWD)
was also placed into decay classes representing how much decomposition had occurred (Class 1Class 5).
CWD values and basal areas were significantly lower in this study than in other western
coniferous forests. CWD within these stands was predominantly in decay classes 4 and 5,
meaning that the woody fuel loads were among the highest decomposition classifications
possible. The authors then suggest that the more frequent a disturbance in this forested
landscape, the weaker the correlation between CWD and environmental factors such as site
productivity. This is an understandable conclusion because of the high frequency of low-level
disturbance in these forests. No correlation was found between stand age and CWD volume,
probably because only stand dominants were cored for age, while other trees in the stand were
not. The authors predict that without disturbance to eliminate biomass, there should be
significant CWD when these forests reach their oldest age classes. The authors also highlight that
dynamics between CWD, environment, and stand age are very cloudy due to past disturbances.
They end the study by stating that more exploration into understanding the fuel load dynamics in
these forest types should be conducted if we wish to return them to their pre-settlement structure
and burn regime (Robertson & Bowser, 1999).
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Research Questions, Objectives, and Hypotheses
The current study of this thesis has the following research questions, hypotheses, and
objectives.
Questions
Q1

How does coarse woody debris fuel mass (Mg/ha) change throughout time on a
particular site relative to environmental characteristics (topography and climate)?

Q2

How is leaf litter decomposition influenced during a growing season across sites?

Q3

What are the strongest topographic drivers influencing local climatic variability
across ponderosa pine forests in Colorado?

Q4

How are these assumed relationships between topography and climate impacting
the accumulation of various forest fuel types (i.e., 1-,10-,100- and 1000-hour fuels,
duff, and litter)?

Hypotheses
H1

We anticipate that coarse woody debris mass (Mg/ha) will increase across all the
Robertson and Bowser (RandB) sites unless disturbance or management practices
occurred. Particularly we expected to see higher amounts of CWD related to the
following topographic descriptors: increased elevation, more northerly latitudes,
and aspects closer to 45°.

H2

Decomposition rates throughout sites will be similar, with more subtle increases in
sites that received both higher temperature and higher precipitation.

H3

Elevation will primarily drive climate patterns followed by latitude and aspect,
respectively.

H4

All fuel types will be observed in greater quantities in areas where topography
allows for higher levels of precipitation.

Objectives
O1

Quantification of fuel load volumes, forest structure, and microclimate variability,
including shifts in forest parameters since 1994.

O2

Determination of how microclimate is influenced by aspect, altitude, and latitudinal
variability within the Front Range and San Juan Mountains of Colorado.

O3

Correlation of microclimate with fuel dynamics to better predict catastrophic
wildfires in ponderosa pine systems of Colorado.
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O4

Production of a reliable dataset linking climate metrics to site, therefore assisting
land managers and scientists in the prediction/mitigation of catastrophic wildfires
throughout the Colorado Rocky Mountains.

This study seeks to trace associations between topo-climatic variability and fuel load
dynamics throughout montane regions of the Front Range in Colorado. Specifically, the research
goal is to evaluate how coarse woody debris mass fluctuates throughout time relative to local
precipitation, temperature, elevation, aspect, and spatial extent. Improving our understanding of
these relationships could assist in wildland fuels management resource allocation and result in
reduced risk of mega-fire anomalies.
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CHAPTER II
INVESTIGATION OF TOPO-CLIMATIC VARIABILITY AND
SUBSEQUENT FUEL LOAD CHARACTERISTICS IN
PONDEROSA PINE FORESTS OF THE FRONT
RANGE AND SOUTHWESTERN
MOUNTAINS IN COLORADO
Introduction
Ponderosa pine (Pinus ponderosa) is an ecologically important tree species occupying
much of the American West (Addington et al., 2018) and is prevalent across Colorado’s Front
Range and Southwestern mountains (Benson & Green, 1987; Huckaby, 2003; Ponderosa Pine,
Colorado State Forest Service). Robust physiological adaptations make it both drought and fireresistant, allowing for success throughout a wide range of montane landscapes (Howard, 2003;
Oliver & Ryker, 1990). Ecosystem services it provides include carbon sequestration (Sedjo &
Sohngen, 2012), wildlife habitat (Goodwin, 1979; Howard, 2003), nutrient cycling, and soil
stability critical in maintaining clean Front Range drinking water (Addington et al., 2018). Being
among the most widely dispersed tree species in the state, it comprises roughly 809,000 hectares
of Colorado’s forests (“Ponderosa Pine,” Colorado State Forest Service).
Historically, wildfires in Colorado's ponderosa pine forests were a relatively common
event. In general, these systems are believed to have maintained a more frequent (MFI ± 30
years), but low to mixed-severity fire regime with high severity canopy fire occurring less often
(McKinney, 2019; Sherriff et al., 2014; Sherriff & Veblen, 2006). Yet, throughout Colorado’s
expansive and heterogeneous landscape, fire regime variability still existed (McKinney, 2019).
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Variation in fire regime can be attributed to differences in latitude, topography, weather, and
their combined subsequent effects on forest fuel sources (Addington et al., 2018; Bigio et al.,
2016; Schoennagel et al., 2004; Sherriff & Veblen, 2008).
Forest fuels, weather, and topography are heavily interlinked drivers of wildfire (Moritz
et al., 2005). Fuel sources include duff, leaf litter, live herbaceous and woody species as well as
coarse woody debris (CWD) (Addington et al., 2018). Fuels production is largely controlled by
climate, which acts as an overarching force at a regional scale (Bigio et al., 2016; Veblen et al.,
2000) but is also modified by topography at a local scale (Schoennagel et al., 2004; Sherriff &
Veblen, 2008). Precipitation increases with elevation in Colorado with higher elevations
receiving consistently greater levels of moisture via snowfall and maintaining snowpack longer
into the spring and summer months (Addington et al., 2018). Whereas lower elevational zones
remain drier and largely depend on summer monsoonal events for precipitation (Veblen et al.,
2000). Site aspect controls the amount of solar radiation an area receives. Slopes facing the
northeast retain more soil moisture and receive less ambient heat while the inverse is true for
southwestern facing slopes (Hadley, 1994). Additionally, regional climatic differences have
been documented by Grissino-Mayer et al., 2004, and Veblen and Donnegan, 2005. Across the
southern range of the state, there is a much more pronounced summer monsoonal effect,
resulting in increased precipitation relative to the north. The complex interactions between these
three components govern fire regimes and understanding their relationships assists in wildfire
prediction.
However, in recent decades, large-scale severe wildfires, deviating from the historic
range of variability (HRV), have become increasingly more common (Addington et al., 2018;
McKinney, 2019). HRV is a concept describing how a certain ecological system functioned,
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adapted, and responded to the natural variation of disturbance in a given space and time. The key
implication being that these systems were dynamic and while exposed to variable natural
phenomena, remained self-sustaining and resilient (Addington et al., 2018; Swanson et al.,
1994). While severe wildfire certainly had its place among ponderosa pine systems of the past
(Romme et al., 2003; Schoennagel et al., 2004; Williams & Baker, 2012a), we are currently
experiencing mega-fires unprecedented in both extent and severity (McKinney, 2019). For
instance, the three largest wildfires in Colorado history: the Pine Gulch Fire (56,254 hectares),
the East Troublesome Fire (77,901 hectares), and the Cameron Peak Fire (84,442 hectares) all
occurred in 2020 (Colorado Division of Fire Prevention and Control, 2022). Fires of this scope
have dramatic lasting effects on tree species regeneration (Chambers et al., 2016), water
(Kershner et al., 2003; Rhoades et al., 2011) and air quality (via decreased soil stability and a
reversal of long-term carbon sinks, respectively), and communities living within the wildlandurban interface (Addington et al., 2018).
These anomalous events can be largely ascribed to climate change and fire suppression
implemented following Euro-American settlement in the west (Addington et al., 2018). In the
last three decades, temperatures in Colorado have increased by 2 degrees Fahrenheit on average
(Lukas et al., 2014). Anthropogenically induced climate change is increasing temperature and
vapor pressure deficit in many forests, especially so in western coniferous forests. Shifts in fuel
aridity are believed to have doubled forest fire extent since 1984 (Abatzoglou & Williams,
2016). Increased temperatures are leading to earlier season snowmelt and much less snowpack in
the winter season, thus a longer, drier, and potentially more intense fire season (Rocca et al.,
2014). Effects of settlement via active fire suppression, cattle grazing, and logging have led to
increases in forest density (Brown et al., 2015), a greater abundance of shade-tolerant understory
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species, and fewer forest openings (Addington et al., 2018). These conditions promote
abnormally high fuel densities (Brown et al., 2015) and set the scene for extreme fire events
when combined with overarching fuel desiccation.
A key restoration focus is the prediction and mitigation of anomalous wildfires. This is
achieved via prescribed fire and forest thinning practices which reduce surface fuel loads
(Brennan et al., 1998). Prediction of fuel loads at the forest floor is pivotal when assessing the
hazard level a forest fire may present. Through forest floor fuel mapping, land managers can gain
valuable information about when and where the next severe, forest-altering wildfire may occur
(Krasnow et al., 2009). LANDFIRE is a mapping tool used by land managers to assess species
composition, topographic variability, canopy coverage, fuels, and disturbance across the United
States. It is frequently implemented in decision-making processes regarding forest restoration
activities (Ryan & Opperman, 2013). However, to combat climate change effects there is a
constant need for current data concerning forest fuel accumulation relative to landscape
heterogeneity and respective climate differences, especially in mountainous regions of the
American West.
The aims of this study were 1) to evaluate how coarse woody debris fuel mass changes
over time within unique plots across montane regions of Colorado, 2) to determine how leaf litter
decomposition was influenced during a growing season across plots 3) to assess the hierarchy of
local topographic drivers on microclimate within a particular site, and 4) to describe how varying
fuel types are influenced by these topo-climatic relationships. The first two goals of this research
utilize 26 0.1-hectare old-growth ponderosa pine forest plots initially sampled in 1994 (hereby
referred to as “RandH Sites”) (Robertson & Bowser, 1999). These plots were established to
quantify coarse woody debris volume and mass throughout old-growth ponderosa pine forests in
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Colorado. This 2021 re-sampling consisted primarily of CWD volume determination and
subsequent individual rates of woody and litter decay. Insight as to how large woody mass and
leaf litter changes over time in relation to local site characteristics may provide useful data in
combatting future fire hazards.
Addressing goals two and three required a larger dataset. FIA (Forest Inventory Analysis)
datasets provide some of the most robust forest data to date (Tinkham et al., 2018). Until very
recently, FIA datasets have been notoriously difficult to obtain and work with due to
accessibility issues and database complexity (Stanke et al., 2020). However, a new R package
add-in has recently been developed by Stanke et al., 2020, which allows users to extract desired
FIA data estimates more easily. Using this package, we downloaded and analyzed Colorado FIA
DWM (downed woody material) data. This dataset produced estimates of 290 unique plot
samples, their fuel type biomass quantities, and corresponding topographic features. Climate
variables for each coordinate implemented in this research were estimated using PRISM
(Parameter-Elevation Regressions on Independent Slopes Model) Climate Group’s 30-year
normals (1990-2020) dataset (PRISM Climate Group, 2022). It is important to note that PRSIM
datasets are not direct observations. Rather, they are modeled data which have been interpolated
and downscaled to provide the better spatiotemporal estimates for climate in areas where direct
observational data are limited (Daly et al., 2008).
Specifically, the research questions addressed in this study were as follows:
Q1

How does coarse woody debris fuel mass (Mg/ha) change throughout time on
a particular site relative to environmental characteristics (topography and
climate)?

Q2

How is decomposition influenced during a growing season across sites?

Q3

What are the strongest regional topographic drivers influencing local climatic
variability across ponderosa pine forests in Colorado?
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Q4

How are these assumed relationships between topography and climate
impacting the accumulation (Mg/ha) of various forest fuel types (i.e., 1-, 10-,
100-, and 1000-hour fuels, duff, and litter)?

We anticipated that coarse woody debris mass (Mg/ha) would increase across all the
Robertson and Bowser sites unless disturbance or management practices occurred. Particularly
we expected to see higher amounts of course woody debris (CWD) related to the following
topographic descriptors: increased elevation, more northerly latitudes, and aspects closer to 45°.
Decomposition rates throughout sites will be similar, with more subtle increases in sites that
received both higher temperature and higher precipitation. Regarding topographic hierarchy
dominance, we hypothesized that elevation would primarily drive climate patterns followed by
latitude and aspect, respectively. Lastly, we hypothesized that all fuel types will be observed in
greater quantities in areas where topography allows for higher levels of precipitation.
Study Areas and Plot Locations
Robertson and Bowser Sites
Preliminary field outings were conducted in the summer of 2020. Site locations from the
previous study were not available via GPS coordinates. Thus, the only feasible method was the
visual determination of prior plot locations according to pictures and physical descriptions.
Altogether, twenty-six plots from eight sites were found (Figure 1). All data were collected in the
summer of 2021 according to documentation by Robertson and Bowser, 1999, unless otherwise
noted. Topographic descriptors (slope, aspect, and elevation) for each of these plot locations
were previously recorded. However, to achieve values that could be statistically evaluated, all
aspects in both studies were transformed according to Beers et al., (1966). GPS points of each
plot were created upon arrival in the summer of 2020 (Table 1). Individual site maps were also
created (Figures 2-9).
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Table 1
Topographic Characteristics of Plots Located in Robertson and Bowser Re-Sample

Site
Bayfield

Plot #
225

Lat
37.19938

Long
-107.463

Elev (m)
2693.822

Aspect
Transformation
0.00137

Slope
(%)
15

Bayfield

226

37.19904

-107.463

2691.384

0.009732

12

Bayfield

227

37.19675

-107.462

2720.95

0.161329

31

Blanco

192

37.14575

-106.878

2243.328

0.007454

17

Blanco

193

37.14582

-106.878

2243.328

0.912844

127

Blanco

194

37.14484

-106.878

2264.969

0.292893

23

Fall River

123

40.40651

-105.591

2556.053

0.003805

17

Fall River

124

40.40626

-105.592

2543.556

0.000609

25

Fall River

125

40.40628

-105.59

2552.7

0.133975

21

Fall River

126

40.40542

-105.59

2538.374

0.021852

20

Florence
Florence

351
352

38.2732
38.27321

-105.182
-105.181

2048.256
2043.684

1.906308
1.990268

5
9

Florence

353

38.27398

-105.181

2037.588

1.707107

10

Arthur’s Rock

136

40.56231

-105.19

2047.342

0.015192
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Arthur’s Rock

137

40.5623

-105.191

2058.01

0.180848

45

Arthur’s Rock

138

40.56162

-105.191

2030.578

1.642788

58

Arthur’s Rock
Manitou

139
359

40.56317
39.0964

-105.19
-105.082

2027.53
2416.15

0.034074
0.233956

31
70

Manitou

360

39.09616

-105.083

2400.3

0.65798

70

Manitou

361

39.09623

-105.084

2396.033

0.741181

85

Manitou

362

39.09645

-105.084

2402.129

0.034074

65

Pueblo

346

38.04907

-105.004

2079.955

0.741181

23

Round Mountain
Round Mountain

118
119

40.41875
40.41846

-105.285
-105.283

1786.738
1773.022

1.999848
1.819152
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Round Mountain

120

40.41849

-105.283

1773.022

1.978148

37

Round Mountain

121

40.41862

-105.283

1763.268

1.848048

23
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Figure 1
Map of the Eight Sites Resampled in the Summer of 2021
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Figure 2
Map of Arthur’s Rock Plot Locations

Figure 3
Map of Bayfield Radio Tower Plot Locations
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Figure 4
Map of Blanco River Campground’s Plot Locations

Figure 5
Map of Fall River Entrance Plot Locations
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Figure 6
Map of Florence Mountain Park Plot Locations

Figure 7
Map of Manitou Experimental Forest 346 Plot Locations

36
Figure 8
Map of Round Mountain Plot Locations

Figure 9
Map of Pueblo Mountain Park Plot Location
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Methods
Vegetative Data Collection
Upon determining the plot center, meter tapes were pulled to 17.84 meters in directions
north, south, east, and west to establish plot boundaries (0.1-hectare macro plot). Within each 0.1
ha plot, diameters of all trees (>12.6 cm), species name, azimuth, and horizontal distance
(meters) were recorded. Notes were made of dead-standing trees. Additionally, the heights of the
three tallest ponderosa pines were recorded.
Canopy coverage estimates of all live trees and vegetative species were made using the
Daubenmire scale (Daubenmire, 1959) throughout the entire macro plot. Additionally, five
measurements were taken to determine percentage canopy coverage across each plot (one at
each: north, south, east, west, and plot center) using the “Canopy Surveying Application” at
breast height. This application calculates the percentage of the canopy, which is covered by
leaves and branches, and converts it to a percentage.
Woody plants, saplings (<12.6 cm), and regeneration were measured using a 0.04 ha
(11.3-meter radius) within the established macro plot. Per the description laid out by Robertson
and Bowser 1999, shrubs were defined as “single or multiple stemmed sub-canopy woody plants
taller than 1.3 m (DBH = diameter at breast height) with a DBH greater than or equal to 1.0 cm”.
Anything shorter than this was deemed regeneration and recorded separately. Shrub and sapling
individual species and diameter were recorded while regeneration was tallied by species.
Additional measurements were conducted to establish ponderosa pine’s crown/height
ratio, crown density, and crown ratio width. These measurements were taken on up to ten
ponderosa pines in each plot unless there were not ten canopy trees. Crown height ratio was
measured as a percentage (5 % increments) using a ruler. The recorder stood far enough away to
where the entire tree occupied 20 cm. For example: if the crown measured 17 cm, the crown
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height ratio would equal 85%. Crown density was estimated by comparing to a density scale (0100% for loblolly pine (Pinus taeda). Crown ratio width was determined by visual estimation.
With the crown width at the base of the tree given a value of 1.0, the rest of the crown was
divided into thirds (moving up the tree) and given proportional values relative to that 1.0.
Forest Fuels Data Collection
Coarse woody debris (CWD) data were collected across the 0.1-hectare macro plot. Any
dead or down piece of woody material greater than 10 cm in diameter at either end was
measured. For all CWD, the diameter (cm) at the small end (DS), diameter at the large end (DL),
length (L), decomposition class, and type were measured. Diameters and lengths were measured
using meter tapes, forestry calipers, and occasionally a laser tape when fuels were too long.
Woody “type” was recorded as trunk, branch, or stump (T, B, or S, respectively). Decomposition
classes 1-5 (Fogel et al., 1973) were visually estimated as follows:
•

Class 1- Bark intact, some small twigs present, texture, or wood structure intact,
shape intact (round), wood original color, branches supporting trunk, wood sound;

•

Class 2- Bark intact to slightly sloughing, twigs absent, texture intact to sapwood
with some decay, shape intact (round), log may be slightly sagging;

•

Class 3- Bark largely missing, twigs missing, texture showing some large
sapwood pieces decayed, color faded, log strongly sagging;

•

Class 4- Bark missing, twigs missing, texture small blocky sapwood decayed and
heartwood with some decay punky pieces, shape becoming oval or flattened, log
on ground;
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•

Class 5- Bark missing, twigs missing, texture soft and powdery sapwood missing
or punky, heartwood decayed only knots remaining sound, shape oval to flattened,
color faded to gray-brown or yellowish, all of log on ground. Also, sap-laden
“skeleton” wood (mostly heartwood) was in this group.

Coarse woody debris volume was calculated according to Robertson and Bowser (1999)
as the frustrum of a cone. The formula is as follows:
𝐻
𝑉𝑜𝑙𝑢𝑚𝑒 = ( )𝜋(𝑅𝑆 2 + (𝑅𝑆 ∗ 𝑅𝐿) + 𝑅𝐿2 )
3
Mass estimates (Mg/ha) for each piece of CWD were calculated using the same density
conversion factors as Robertson and Bowser (1999). Classes 1 and 2 used 0.365, class 3 used
0.343, class 4 used 0.180, and class 5 used 0.178. These conversion factors were derived from
Franklin et al., (1987). CWD masses were summed for each plot (Mg/0.1-ha) and converted to
(Mg/ha).
A standard line intercept technique was used to obtain an estimate of forest fuels not
represented by CWD (i.e., twigs and branches < 10 cm diameter and leaf litter). A meter tape
was pulled to twenty meters and laid out across the plot center (north and south facing) with ten
meters on either side. A fuel gauge was used for more considerable woody material to determine
fuel classes (1-hour, 10-hour, or 100-hour fuels). Fuels crossing the line intercept were included
in data collection. 100- hour fuels were recorded for the entire 20-meter transect, 10-hour fuels
for the last 10-meter portion, and 1-hour fuels for the last 5-meter portion. Tree species were not
recorded here. Leaf litter was evaluated along the same transect. To gain an estimate of litter
depth at each plot, a cm ruler was inserted into the litter every two meters (starting at 0 meters
and ending at 20 meters), and the depth was recorded.
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Decomposition
Evaluation of decomposition rates across each site was conducted via litter (Brown,
1982) and tea pouch placement at the beginning of the Summer 2021 season. Decomposition
pouches were created using nylon fabric with a mesh size of 1 micron. Pouches containing tea
(Mori, 2022) were each filled with 10 tea bags with a mean weight of 16.86 grams (n= 16). Litter
pouches were filled with ponderosa pine leaf litter with a mean weight of 10.01 grams (n=128).
All litter and tea samples were allowed to air dry at least two weeks prior to filling pouches. Five
litter pouches were placed within each plot in the study (n=26) while 2 tea pouches were placed
within each study site. All pouches were pinned to the ground using gardening stakes and
covered with pre-existing leaf litter. A sub-sample of both tea and litter pouches were recollected during the Fall 2021 season, allowed to air dry for another two weeks, and weighed to
determine mass lost to decomposition.
Soils Analysis
Soil samples were taken at each plot (n=26). Collection of soil samples involved
removing and litter or duff at each plot to reveal bare mineral soil. To establish an accurate
representation of soil nutrient content across a site, five samples were taken randomly across
plots. Samples were then stored in Ziploc bags and allowed to air dry for at least two weeks. The
five samples were sieved, combined, and then sent to A and L Plains Agricultural Laboratories
Inc. for analysis. Soil analysis consisted of organic matter (%), phosphorous (ppm), potassium
(ppm), magnesium (ppm), calcium (ppm), soil pH, cation exchange capacity (meq/100g), nitrate
(ppm), and percent base saturation of potassium, magnesium, calcium, and hydrogen.
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Forest Inventory Analysis Data
Acquisition
Colorado’s FIA datasets were extracted using the R program add-on package “rFIA”
established by Stanke et al., 2020. All Colorado FIA data were downloaded using the code below
(Figure 12). The “DWM” function within this package allows users to filter FIA data into a
downed woody material estimates data frame. Within this data frame, the argument “grpby” was
used to sort DWM data by plot number, latitude, longitude, elevation, slope, and aspect. The
argument “landtype” was used to filter data by forested land. The “areaDomain” argument was
used to filter data by forest type, for which type 221 was chosen (the code for ponderosa pine).
Lastly, arguments “byPlot” and “byFuelType” were used to filter data by plot level and varying
fuel type (duff, litter, 1,10,100,100-hour) mass estimates within each plot. Using these
parameters, a dataset was produced that encompassed 290 unique plots (Figure 11), their
topography, and respective fuel loads (short tons/acre) between the years 2002 and 2019. See
Stanke et al., 2020, for further explanation of arguments used within R.
Figure 10
R Code Implemented in the Extraction of Colorado Downed Woody Material Data.

42
Figure 11
Plot Locations Across Colorado for All Colorado Forest Inventory Analysis Downed Woody
Material Data

Climate Data
Estimation of spatiotemporal variability in climate parameters across both the Robertson
and Bowser and FIA datasets was conducted using PRISM Climate Group’s database.
Decomposition analysis implemented PRISM’s daily precipitation and mean temperature values
for each site. Precipitation values were summed to achieve total precipitation during the time
exposed. Mean temperature values were averaged to achieve the mean overall temperature at
each site during the time exposed. The 30- year normals (1991-2020) for precipitation (mm), and
mean temperature (°C) were also downloaded for each plot location. The 30-year normals
datasets are calculated using mean precipitation and temperature values in a given area. The
native grid resolution in PRISM datasets is 4km. However, grid cell interpolation was
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implemented to reduce this to 800m resolution. Additionally, only the growing season (AprilSeptember) normals were implemented in the Robertson and Bowser coarse woody debris and
FIA analyses.
Statistical Analysis: Robertson
and Bowser Sites
Coarse woody debris mass estimates were calculated for both the 1994 and 2021 datasets.
Change in fuel over time was calculated by subtracting past CWD mass estimates (1994) from
current estimates (2021). The normality of data was checked using the Shapiro-Wilks test. As
most data were not normally distributed, Spearman’s rank correlation analyses (Sedgwick, 2014)
were performed to evaluate change in coarse woody debris mass relative to environmental
variables. Log transformation (Changyong et al., 2014) was implemented in an attempt to
normalize some variables. However, most data still followed a non-normal distribution. The few
normalized data relationships were analyzed using Pearson’s linear regression (Zou et al., 2003)
Litter and tea decomposition was averaged by site. All data aside from longitudinal variables
were normally distributed. Thus, Pearson’s correlation analysis was implemented to determine
all environmental relationships (aside from longitude) to decomposition.
Statistical Analysis: Forest
Inventory Analysis Plots
Analysis to evaluate linear relationships between various fuel type quantities and
environmental characteristics relative to each site (i.e., climate variables, topography, and
latitude/longitude) was accomplished via Spearman linear regression as the data were not
normally distributed (Sedgwick, 2014). To parse out regional diversity in fuels, topography, and
climate across Colorado, FIA plots were divided into five subsets: All (n=286), north (n=118),
south (n=168), southwest (n=100), and southeast (n=68). Northern plots were those located >
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39°, while those < 39° were deemed southern plots. Further, the “southeast” and “southwest”
subsets are a division of the “south” plots by longitude (< -106° for “southwest” and > -106° for
“southeast”). Four plots were excluded from analysis due to extreme fuel mass (81652 and
82455) and extreme distance away from any other plots (81578 and 85843). Lastly, fuel classes
were grouped into two subsets: ignition fuels (duff, litter, and 1-hour fuels) and intensity fuels
(10,100, and 1000-hour fuels).
Non-metric multidimensional scaling (NMS) ordination (Holland, 2008) was also
conducted to evaluate the combined effects environmental variables had on fuel sources.
Ordination space distances between FIA fuel plots were based on variable fuel type quantities.
Matrix one was comprised of fuel types (Mg/ha) from 288 FIA plots (plots 81652 and 82455
were excluded from this analysis due to extreme fuel values). One thousand runs and a fivehundred iteration upper limit were implemented with Sorensen (Bray-Curtis) distance measures.
Matrix two consisted of topographic and climatic variables related to these plots.
Results
Coarse Woody Debris Changes Over
Time: 1994-2021 (Robertson
and Bowser Sites)
CWD mean change over time was 8.71 ± 16.2 SD (Mg/ha) and varied largely across sites
from -48.17 Mg/ha to +46.36 Mg/ha (Figures. 12 and 13) (n=26). Plot 118 was the only one to
experience a reduction in fuel mass relative to 1994 (-48.18 Mg/ha). We can safely assume such
a large reduction is due to management as past large quantities of fuel were not present and it
was clear fire had not occurred. Excluding this plot, site mean CWD increases (n=25) varied
largely from 5.2 Mg/ha (Manitou Experimental Forest 346) to 19.6 Mg/ha (Blanco River
Campground). Within-site variation in fuel mass differed largely as well with standard deviations

45
ranging from 4.5-30.6 Mg/ha (Table 2). This variation can most likely be explained by plots with
exceptionally large amounts of coarse woody debris (i.e., entire downed trees within the plot).
Figure 12
Coarse Woody Debris (Mg/Ha) Site Mean Changes Across All Robertson and Bowser Plots
1994-2021

Note: (N=26). Outlier plots are shown with green points on graph as well as standard error bars.
Figure 13
Coarse Woody Debris Differences (Mg/Ha) From 1994-2021 Throughout all R Sites

Plot total Coarse Woody Debris (Mg/ha) 1994 vs. 2021
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Note: (N=26). Round Mountain #118 exhibited a significant reduction in fuel mass (-48.18
Mg/ha).
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Table 2
Coarse Woody Debris Mass Changes Over Time (1994-2021)

Site
Bayfield
Bayfield
Bayfield
Blanco
Blanco
Blanco
Fall River
Fall River
Fall River
Fall River
Florence
Florence
Florence
Arthur's Rock
Arthur's Rock
Arthur's Rock
Arthur's Rock
Manitou
Manitou
Manitou
Manitou
Pueblo
Round Mountain
Round Mountain
Round Mountain
Round Mountain

Plot #
225
226
227
192
193
194
123
124
125
126
351
352
353
136
137
138
139
359
360
361
362
346
118
119
120
121

1994 CWD
Plot
(Mg/ha)
0.621
6.647
3.761
3.101
5.405
3.718
2.107
0.460
0.243
0.000
0.210
2.853
0.926
2.889
1.639
4.500
4.983
0.280
0.021
1.016
0.228
0.056
57.364
1.808
0.520
0.106

2021 CWD
Plot
(Mg/ha)
11.179
8.275
8.704
8.275
28.951
33.800
23.179
4.751
8.643
0.152
47.579
5.688
3.157
13.621
12.378
6.637
31.782
1.107
2.637
1.411
17.387
4.592
9.185
20.445
12.459
6.101

CWD T2T1
10.558
1.627
4.943
5.174
23.546
30.083
21.072
4.291
8.400
0.152
47.369
2.835
2.232
10.732
10.739
2.136
26.799
0.827
2.617
0.395
17.158
4.536
-48.179
18.637
11.939
5.995

Site
Increase
(Mg/ha)
5.71

Within Site
Standard
Deviation
4.51

19.60

12.91

8.48

9.05

17.48

25.89

12.60

10.30

5.25

8.00

4.54
12.19

0.00
30.62

Litter and Tea Decomposition Across
Sites (Robertson and Bowser Sites)
All litter bags began with an average weight of 10.01 ± 0.04 grams (n=128). Two litter
bags from Arthur’s Rock (137 and 139) were lost and never recovered. Litter weight lost to
decomposition varied across sites (Table 3 and Figure 14) Plots at the Fall River entrance
exhibited the least amount of mass reduction at a mean weight of 1.34 ± 0.47 SD g, while plots at
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the Florence Mountain Park site lost the most with a mean of 1.83 ± 0.34 SD g. Across all plots
(n=24), litter mass reduction averaged 1.48 ± 0.33 SD g over the growing season. Litter mass
reductions between Fall River and Florence Mountain Park were not statistically different (t =
1.4961, df = 5, p = 0.1949).
Table 3
Litter Mass Lost to Decomposition Across all Robertson and Bowser Plots During the 2021
Growing Season.
Site/Plot#
Bayfield
225
226
227
Blanco
192
193
194
Fall River
123
124
125
126
Florence Mtn.
351
352
353
Lory State Park
136
138
Manitou
359
360
361
362
Pueblo
346
Round Mountain
118
119
120
121
Across Sites

Litter Weight Loss
1.34
1.15
1.68
1.17
1.68
1.62
1.43
2.00
1.30
1.80
1.08
0.74
1.57
1.83
1.83
2.17
1.49
1.31
1.07
1.55
1.44
1.25
1.61
1.73
1.17
1.47
1.47
1.45
1.18
1.53
1.42
1.67
1.48

Std.Dev Site
0.30

0.29

0.47

0.34

0.34

0.27

NA
0.20

0.33
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Figure 14
Growing Season Total Litter Mass Reduction (G) Across Each Plot in the Robertson and Bowser
Sites

Litter Mass (g) Reductions Over the 2021 Growing
Season
2.5

Litter Mass Reduction (grams)
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136 138 225 226 227 192 193 194 123 124 125 126 351 352 353 359 360 361 362 346 118 119 120 121
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Manitou
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Note. (N=24)
All teabags began with an average weight of 16.85 ± 0.24 SD g (n=16). Only one teabag
pouch was removed at each site, leaving in place one other. This was done to gain insight as to
decomposition across multiple growing seasons in the future. Tea weight lost to decomposition
across sites varied moderately from 5.29 grams lost at Bayfield Radio Towers to 9.04 g lost at
Pueblo Mountain Park (Figure 15). Across site average tea mass lost to decomposition was 6.6
grams ± 1.36 SD (n=7).
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Figure 15
Growing Season Total Tea Mass Reduction (G) Across Each of the Robertson and Bowser Sites

Tea Mass (g) Reductions Over the 2021 Growing
Season
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Note. (N=7)
Environmental Variables Influencing
Coarse Woody Debris Change
(Robertson and Bowser Sites)
Spearman’s rank correlation analysis was implemented to assess relationships between
CWD changes over time and environmental variables. Analyses were run twice: once with plot
118 (an outlier) and once without. All relationships between CWD change and environmental
variables increased following the Plot 118 removal. Thus, final analyses were conducted without
plot 118 (n=25). CWD change was correlated with the following independent variables: growing
season precipitation (Rho = -0.34), basal area change (Rho = 0.26), elevation (Rho = -0.24),
longitude (Rho = -0.21) and mean growing season temperature (Rho = 0.2) (Figure 16.)
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Figure 16
Correlation Analysis: Coarse Woody Debris Change vs. Environment

Note. Spearman’s Rank Correlation Analysis: CWD change (1994-2021) and environmental
variables. Environmental variables included exhibited the strongest relationships with CWD
change (Rho ≥ 0.20).
Environmental Variables Influencing
Decompositional Change (Robertson
and Bowser Sites)
Both Pearson’s and Spearman’s regressions were implemented to determine
environmental influences on litter decomposition. All variables were normally distributed aside
from longitude. Pearson’s correlation analysis was implemented to determine litter mass
reductions related to latitude (𝑅 2 = -0.49), elevation (𝑅 2 = -0.38), aspect (𝑅 2 =0.54), slope percent
(𝑅 2 = -0.37), growing season precipitation (𝑅 2 = -0.05), growing season mean temperature
(𝑅 2 =0.43) and days exposed (𝑅 2 =0.59) (Figure 17). Spearman’s rank correlation was
implemented for non-normalized longitude data. Litter mass reduction exhibited some positive
relationship with longitude (Rho= 0.29; Figure 18).
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Figure 17
Correlation Analysis: Litter Mass vs. Environment

Note. Pearson’s Correlation Analysis: Litter mass reduction relationships with latitude, aspect,
elevation, slope and mean growing season temperature, total growing season precipitation, and
total days exposed.
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Figure 18
Correlation Analysis: Litter Mass vs. Longitude

Note. Spearman’s Rank Correlation: Longitude has a weak relationship to litter mass reduction
(Rho=0.29)
All data encompassed in the tea mass reduction analysis (n=7) were normally distributed
except for longitude. Pearson’s correlation analysis was implemented to determine tea mass
reductions related to latitude (𝑅 2 = -0.37), elevation (𝑅 2 =0.42), aspect (𝑅 2 =0.24), slope percent
(𝑅 2 = -0.18), growing season precipitation (𝑅 2 =0.40), growing season mean temperature
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(𝑅 2 =0.54) and days exposed (𝑅 2 =0.54; Figure 19). Spearman’s rank correlation was used to
determine the relationship between tea mass reduction and longitude. Tea mass reduction was
strongly related to longitude (Rho= 0.71; Figure 20).
Figure 19
Correlation Analysis: Tea Mass vs. Environment

Note. Tea Mass Reduction Relationships with Latitude, Aspect, Elevation, Slope and Mean
Growing Season Temperature, Total Growing Season Precipitation and Total Days Exposed.
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Figure 20
Correlation Analysis: Tea Mass vs. Longitude

Note. Spearman’s Rank Correlation: Longitude is Strongly Related to Tea Mass Reduction
(Rho=0.71)
Relationships Among Topography
and Climate (Forest Inventory
Analysis Sites)
Throughout all FIA plots in Colorado (n=286), mean growing season temperature had the
strongest relationship with elevation (Rho = -0.87) while total growing season precipitation had
the strongest relationship with longitude (Rho = 0.74) (Figure 21). Across plot subsets (i.e.,
North, South, Southeast, and Southwest), elevation had a strong negative relationship with mean
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temperature (Rho = -0.95, -0.91, -0.91, and -0.89, respectively). In the north, mean temperature
also has a strong positive relationship with longitude (Rho = 0.70). Southwest and southeast plot
mean temperatures both exhibited strong negative relationships with latitude (Rho = -0.51, and 0.59, respectively) and strong relationships with longitude (Rho = -0.53, and 0.77, respectively).
Precipitation appears to have a predominant positive relationship with longitude in all subsets
except for the southwest (“All” Rho = 0.74, “North” Rho = 0.46, “South” Rho = 0.66,
“Southeast” Rho = 0.55). Strong negative secondary relationships with precipitation include:
“north” latitude (Rho = -0.25) and “southeastern” elevation (Rho = -0.22); (Table 4).
Figure 21
Correlation Analysis: Topography vs. Climate Variables

Note. Spearman’s Rank Correlation Analysis on all FIA Plot Environmental Variables (N=286)
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Table 4
Regional Relationships Between Topography and Climate Variables (Spearman’s Rank
Correlation).
All Plots (n=286)

North (n=118)

South (n=168)

SE (n=68)

SW (n=100)

Precipitation Tmean Precipitation Tmean Precipitation Tmean Precipitation Tmean Precipitation Tmean

Aspect
Elevation
Latitude
Longitude
Slope

-0.16
-0.21
0.46
0.74
0.29

-0.87
-0.21
0.18

-0.95
-0.25
0.46

0.7

0.66
0.28

0.21
-0.91
-0.53

-0.22
0.55

0.29
-0.91
-0.59
0.77

-0.42
-0.31

-0.16

0.17
-0.89
-0.51
-0.53
-0.21

Note. “Strong effects” = Rho > 0.50, “moderate effects” = Rho between 0.49-0.20, and “mild
effects” = Rho <0.20
Relationships among Environment
and Fuels (Forest Inventory
Analysis Sites)
Across all FIA plots (n=286), only a few weak relationships between environmental
variables and fuels appeared (Figure 22). Elevation exhibited a weak negative relationship with
ignition fuels (Rho = -0.11), and a weak positive relationship with intensity fuels (Rho = 0.13).
Subsetting the data revealed slightly stronger relationships between fuels and the environment
(Table 5.)
Table 5
Regional Relationships Between Environmental Variables and Fuels (Spearman’s Rank
Correlation).

Latitude
Longitude
Elevation
Slope
Aspect
Precipitation
Tmean

All Plots (n=286)
North (n=118)
South (n=168)
SE (n=68)
SW (n=100)
Ignition Intensity Ignition Intensity Ignition Intensity Ignition Intensity Ignition Intensity
-0.15
-0.24
-0.13
-0.17
-0.14
0.3
-0.31
-0.11
0.13
0.27
-0.21
-0.27
0.31
-0.16
-0.21
0.29
0.14

-0.25

0.29

0.35

0.23

Note. “Moderate effects” = > 0.20, and “mild effects” = Rho <0.20
Within northern sites, ignition fuels appear to only have a moderately strong positive
relationship with precipitation (Rho = 0.29), while intensity fuels have a moderately strong
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relationship with elevation, slope, and mean temperature (Rho = 0.27, 0.31 and -0.25,
respectively). Southern sites exhibited no significant relationships with intensity fuels when
divided into southwest and southeast groupings. In the southwest, ignition fuels exhibit
moderately strong relationships with longitude, slope, and mean temperature (Rho = -0.31, -0.21
and 0.23, respectively). In the southeast, ignition fuels also exhibit moderately strong
relationships with longitude and mean temperature (Rho = 0.30 and 0.35, respectively).
However, ignition fuels also exhibit moderately strong relationships with latitude and elevation
(Rho = -0.24 and -0.27, respectively). Based on this analysis, it appears fuel load (both ignition
and intensity) cannot be reliably explained by regional or environmental variation in climate or
topography across Colorado.
Figure 22
Correlation Analysis: Fuel Types vs. Topo-Climatic Variables

Note. Spearman’s Rank Correlation Analysis: Fuels vs. Environmental Characteristics (N=286).
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Topo-Climatic Influences on Fuel
Types (Forest Inventory Analysis
Sites)
NMS ordination resulted in a two-axis best solution with a final stress value of 13.18164
and final instability criteria of 0.00. Mean stress values (real: 14.644, randomized: 20.633,
p=0.002) for axis two met desired outcomes (≤ 20) after 83 iterations (Figure 23). Ʈ values for
fuels were highly variable dependent on the axis. Larger fuel sources (i.e., 1000 and 100-hour
fuels) had much stronger associations with axis 1 while finer fuels (1-hour, litter, and duff) had
stronger associations with axis two. Associations between environmental variables and both axes
were all < ±0.01 aside from slope and elevation (Axis 1 Ʈ: -0.125 and -0.143, respectively)
(Table 6.)
While relationships among fuel types with both axes are somewhat apparent, there is little
to no relationship between environmental variables and the axes. Based on this analysis we
cannot conclude that environmental variables are driving much of the variability in fuel type
quantities.
Figure 23
Non-Metric Multidimensional Scaling Ordination: Fuel Types Vs. Topo-Climatic Variables

Note. Main matrix: plot distances by fuel type (green circles). Secondary matrix: environmental
variables overlaid across the main matrix (white lines).
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Table 6
Fuel Types, Environmental Variables, and their Associated Ʈ Values Relative to Both NMS Axes.
Fuel Classes

Axis 1

Axis 2

1000Hr

-0.612

0.22

100Hr

-0.322

0.183

10Hr

-0.187

0.255

1Hr

-0.112

0.324

Duff

0.76

0.803

Litter

0.168

0.607

Latitude

0.048

0.033

Longitude

0.068

-0.017

Slope

-0.125

0.006

Aspect

-0.044

0.016

Elevation

-0.143

-0.5

Precipitation

0.012

0.059

T mean

0.019

0.07

Environment

Discussion
Robertson and Bowser Sites: Coarse
Woody Debris Changes Over
Time and Environmental
Influences
Understanding how large, downed fuels are changing over time can assist land managers
in determining when and where current fuels management needs to be prioritized (Hessburg et
al., 2007; Keane, 2012). However, quantifying coarse woody debris volume across many plots
can be challenging and time-consuming, especially when determining the precise changes over
time. Recently, scientists have been looking to other forest attributes which may prove useful in
fine-scale wildland fuel prediction (Keane, 2012). Some studies have shown coarse woody debris
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to be associated with forest structural characteristics such as dead basal area, canopy cover, and
species composition (Fry et al., 2018; Lydersen et al., 2015). While the fuel variance explained
by these variables is sometimes significantly correlated, relationships between surface fuels and
vegetative characteristics are often weak (Keane, 2012). This is most likely due to the fact that
vegetative characteristics vary at much larger scales than fuel bed characteristics (Keane, 2012).
Keane (2012) concludes that depositional contributions to fuel beds are primarily controlled by
vegetative characteristics while decomposition’s role in fuel variability is more strongly
influenced by climate. However, vegetative increases must be heavily influenced by climate as
well. Moisture availability is a driving factor in determining site productivity. As such, climate
should directly influence decomposition and indirectly influence deposition. Few studies discuss
the fine-scale influence that climate patterns and topography can have on wildland fuels
deposition (Rocca et al., 2014). Instead, most studies discuss how vegetative and forest structural
attributes control deposition (Fry et al., 2018; Keane, 2016; Lydersen et al., 2015).
This study aimed to relate coarse woody characteristics to topo-climatic variability on a
within-stand basis, potentially providing alternative proxies for wildland fuel prediction. Coarse
woody debris mass estimates for both 1994 and 2021 may be lower than what is actually present
in these forests. Robertson and Bowser (1999) implemented much lower relative fuel densities in
their mass calculations, thus this research followed accordingly. The Harmon et al., 2008, report
updated ponderosa pine relative fuel densities much higher than what was found in this study.
Nonetheless, observed increases should still proportionately equate to what would be estimated
using updated relative fuel densities.
Our data shows that, across all Robertson and Bowser plots sampled (excluding plot
118), there was a CWD average increase of 10.9 ± 11.5 SD (Mg/ha). The greatest CWD
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increases occurred in sites with higher amounts of precipitation (Rho = -0.34), supporting what
would be expected (Schoennagel et al., 2004). Coarse woody debris should be safeguarded and
retained on the ground with increases in precipitation and subsequently less fire chance.
Additionally, higher precipitation should increase productivity and vegetative growth,
subsequently increasing fuel deposition on the forest floor (Fry et al., 2018; Hall et al., 2006).
CWD also had a mildly strong negative relationship (Rho = -0.26) with basal area
change. This is to say that in forests where basal area stayed the same or increased, we observed
instances of greater CWD mass increase. However, in forests where the basal area had decreased
since 1994, we observed greater consistency of CWD on the ground. The relationship between
these variables represents mature tree mortality and woody deposition to the forest floor
(Addington et al., 2018). However, tandem increases in both CWD mass and basal area can be
explained by general retention or a slight increase in basal area with the addition of some
exceedingly large CWD being deposited to the forest floor. These instances might easily skew
data, as the basal area can remain generally similar, but one or two downed trees could largely
inflate plot-level CWD increase data. Large skewness in coarse woody debris data is common in
nature (Lydersen et al., 2015) and may be compensated for via a higher sampling rate.
Elevation and CWD exhibited the third strongest relationship (Rho = -0.24). CWD
change appears to be lowest at lower elevations while increasing at higher elevations. Higher
elevations typically retain snowpack longer (Lukas et al., 2014; Schoennagel et al., 2004), thus
extending the amount of time a site would experience increased soil moisture, decreasing local
fire season length and lowering fire frequency.
Longitude and CWD change appear to exhibit a weak negative relationship (Rho = 0.21). Likely, longitude on its own does not truly explain the variability in CWD change.
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Rather, there is strong positive relationship between longitude and growing season precipitation
(Rho = 0.71). More eastern plots exhibited greater levels of precipitation as opposed to western
plots. The relationship between CWD change and longitude is most likely being influenced by
east-west precipitation patterns across Colorado to the correlate with longitude. Additionally,
mean growing season temperature exhibited a slight positive relationship (Rho = 0.20) with
CWD change. As the mean growing season temperature increases, we see increases in CWD.
Here, we again observe a strong relationship (Rho = -0.72) between a climate variable (mean
temperature) and a topographic variable (elevation). Higher temperatures may be increasing
CWD in these forests via increased evapotranspiration and subsequent drought-stress-related
mortality (Abatzoglou & Williams, 2016; Addington et al., 2018). However, this hypothesis
conflicts with the relationships observed between precipitation and CWD.
The research goal this data addressed was to evaluate how CWD changed over time on a
given site compared to within-site environmental characteristics. While we were able to measure
CWD shifts (1994-2021) in several forests throughout Colorado, the data conclude that these
shifts were weakly influenced by the local environment. Most likely, management and natural
disturbance (i.e., beetle kill, and wildfire) within these forests largely explain the variance in
CWD shifts as opposed to site characteristics like topography and climate, albeit relationships
among these factors is expected (Hall et al., 2006). Coarse woody debris deposition is primarily
controlled by disturbance events such as fire and beetle kill, which can kill whole trees,
ultimately resulting in large fuels on the forest floor (Hall et al., 2006).
While environmental variables measured in this study may hold some influence over
observed coarse woody debris increases, low plot quantity reflects little real-world variability as
this dataset is quite small compared to others of similar nature (Fry et al., 2018; Keane, 2012;).
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Thus, outliers related to any measured variable may pose confounding issues and skew final
conclusions. While 30-year climate normals do not represent fine-scale temporal heterogeneity,
they do work rather well in this situation. The 30-year datasets are climate norms for each
location between the years 1991 and 2020, which lines up well with this study’s time frame
(1994-2021) and represents stand scale climate patterns. Were possible disturbance and low
replication not factors, stronger relationships between climate, topography, and fuel increases
may have been observed. As such, this should not be taken as a direct representation of what
would naturally occur. Several of the sites had obviously experienced management or natural
disturbance since 1994. Disturbance of any kind could potentially act as a “fuels reset button”
and mask evidence of environmental controls over fuels (depending on the extent, time, and
severity of the disturbance) (Hall et al., 2006). For instance, plot 118 at the Round Mountain site
had significantly reduced fuels since its last sampling in 1994 while the other plots within the
same site saw substantial increases. The Round Mountain site was in close proximity to a
recreational trail, so fuel management seems logical.
Large woody fuels were extremely heterogeneous across the sampled areas, making
prediction via environmental variables difficult. Semi-stochastic events such as wind throw,
beetle kill, wildfire, or natural mortality can result in largely uneven distributions of CWD across
any landscape (Addington et al., 2018; Keane, 2012, 2015). If topo-climatic variables are to be
used as proxies for wildland fuel prediction, annual precipitation may be the best option.
However, without knowledge of within-site disturbance and management, these proxies would
prove largely ineffective. In a study conducted by Hall et al. (2006), time since fire explained 3980% of the variability for different fuel classes across the Front Range. Rather than relying on
environmental variables such as climate and topography for the prediction of large woody fuels,
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scientists should place a higher priority on whether or not an area has experienced recent
disturbance or management and use environmental parameters as background predictors for
coarse woody debris changes.
Robertson and Bowser Sites: Fine
Fuels Decomposition
Decomposition rates of organic material are important factors to consider when
calculating present forest fuels (Keane, 2008, 2012). Litter constitutes a substantial proportion of
forest fuel beds and is typically the primary fuel source responsible for ignition and fire spread
(Addington et al., 2018). Understanding decay rates of both litter and woody material can assist
land managers in fuel estimation techniques (Keane, 2008). Since decomposition is the primary
mechanism in reducing organic mass outside of disturbance, quantifying these rates is crucial to
accurate fuel prediction. As with fuel deposition, decomposition is also difficult and timeconsuming to measure, especially at a regional scale. As such, proxies like climate and
topography may prove useful in simplifying decomposition analysis techniques.
Across all plots (n=24), litter mass reduction averaged 1.48 ± 0.33 SD g over the growing
season. While there were no significant differences among sites, several strong linear
relationships emerged. Litter decomposition was most highly correlated (𝑅 2 =0.59) with the
number of days each bag was exposed, followed by aspect (𝑅 2 =0.54), latitude (𝑅 2 = -0.49), mean
growing season temperature (𝑅 2 =0.43), elevation (𝑅 2 = -0.38) and slope (𝑅 2 = -0.37), while
longitude showed a milder relationship with decomposition (Rho = 0.29).
Tea decomposition exhibited similar, but not the same relationships with environmental
variables. The number of days exposed was also the strongest driver of decomposition
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(𝑅 2 =0.54), but it was tied with mean growing season temperature (𝑅 2 =0.54). Weaker influences
included total growing season precipitation (𝑅 2 =0.40), elevation (𝑅 2 = -0.42), latitude (𝑅 2 = 0.37), aspect (𝑅 2 =0.24) and slope (𝑅 2 = -0.18).
We do not observe significant variation in decomposition rates across different sites.
However, if left exposed for a longer time, this may change as conifer needles generally decay
more slowly than deciduous leaves (Keane, 2008). Both litter and tea decomposition exhibited
similar correlations with the amount of time exposed, mean growing season temperature,
elevation, latitude, aspect, slope, and longitude. Correlation strengths vary between litter and tea.
However, relationships among variables remain similar. The primary difference between the two
sets of data was the relationship with growing season precipitation. Tea decomposition exhibited
a strong relationship with precipitation while litter did not. Positive relationships observed
between decomposition, temperature, and precipitation (only for tea) can most likely be
attributed to increases in microbial activity. Moisture is a strong limiting factor in microbial
functioning pertaining to decay (Krishna & Mohan, 2017). It has also been observed that this
functionality increases with both moisture availability and higher temperature. Thus, higher rates
of decay should be positively correlated with both climate variables. Positive relationships
between aspect and decomposition are strong in both datasets. Sites on more northeastern slopes
(aspect transformation closer to 2) exhibited higher mass lost to decomposition than
southwestern facing slopes (aspect transformation closer to 0). This could be a result of increased
soil moisture and subsequently greater microbial functionality on northeastern slopes (Krishna &
Mohan, 2017). A different relationship emerged with elevation. Higher rates of mass loss
occurred in sites with lower elevations. This could be attributed to the negative relationship
between temperature and elevation (Krishna & Mohan, 2017; Lukas et al., 2014). Overall,
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elevation and aspect were the strongest influencers on climatic variables, which have been shown
to largely drive microbial functionality (Keane, 2008; Krishna & Mohan, 2017). We conclude
that fine matter decay rates are greatest in lower elevations with northeast facing slopes and in
higher elevations with southwest facing slopes. These sites may be more productive (Keane,
2008), as each should maintain a balance between moisture and temperature, with neither acting
as a limiting factor as quickly as it might in other topographic settings.
Some issues related to study design may have attributed to variation in decomposition
influences between litter and tea. Due to travel circumstances, some bags were out for longer
than others, which may have influenced the increased decomposition. However, the “days
exposed” variable was implemented to account for this. Additionally, low replication may
account for differences between tea and litter mass reductions relative to explanatory variables,
especially in the tea bag study where there was only one bag measured per site (n=7). Currently,
half of the initial litter and tea bags still remain at the sites. Plans have been made to collect and
measure these following the 2022 growing season. With the number of days exposed being the
primary driver of decomposition across both study sets, we may see marked differences between
sites. Additionally, this may allow us to view stronger influences from secondary environmental
drivers of decomposition.
In many forest types, soil moisture has been shown to be a limiting factor in decay rates
of both litter and woody material (Keane, 2008; Krishna & Mohan, 2017). Soil microbiota,
which drives organic decay, rely on moisture and temperature alike (Krishna & Mohan, 2017).
With increases in vapor pressure deficit related to future climate change (Rocca et al., 2014), we
may see reduced decomposition occurring within these forests. This could decrease
decomposition’s effect on fuel reduction, subsequently making forests even more prone to mega-
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fire incidents. However, even high rates of decomposition are negligible when compared to the
effects wildfire has in reducing forest fuels (Keane, 2012). Decomposition should not be relied
on as a force for reducing fuels. However, these rates should be implemented in models to
provide accurate fuel bed estimations (Keane, 2008, 2012).
Future studies seeking to evaluate fuel dynamics should be careful to measure the
deposition and decomposition of all fuel types with a more robust temporal and spatial range.
This type of research could provide greater insight as to what environmental variables are driving
fuel sources, differences in decay rates among fuel types, and most importantly how these rates
vary in relation to climate change. The analysis of FIA data increases the spatial range of fuel
and topo-climatic relationships.
Forest Inventory Analysis Sites:
Topo-Climatic Relationships
with Fuels
Our research using FIA plots sought to associate fuel accumulation values with local
climate variables. However, climate throughout Colorado is complex (Lukas et al., 2014). With a
diversity of elevation, terrain steepness, and slope aspect, changes in local climate are expected
and should be accounted for in fuel predictions. Across all seasons, but especially during winter
months, west-facing aspects should receive greater precipitation due to the flow of westerly
moist air (Lukas et al., 2014). During the summer months, southerly moisture regimes depend on
precipitation from the North American Monsoon (Adams & Comrie, 1997; Lukas et al., 2014),
while Front Range precipitation is largely driven by moist airflow from the Gulf of Mexico
(Lukas et al., 2014). Montane precipitation regimes have been shown to be largely dependent on
elevation (Bigio et al., 2016; Lukas et al., 2014), with more subtle influences being driven by
relative location within the state. With increases in elevation, temperatures decrease while
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precipitation increases (Lukas et al., 2014). Climate values represented in this study are growing
season (April-September) 30-year normals which are influenced by average summertime weather
forces (Lukas et al., 2014). Should fuel loading exhibit strong relationships with environmental
(topography and climate) variables, then determining how climate is influenced across the vastly
heterogeneous topography of Colorado may prove useful in future wildland fuel predictions. To
compensate for some of this heterogeneity, FIA plots (n=286) were divided into regional subsets:
North (n=118), Southeast (n=68), and Southwest (n=100)
Across all FIA plots, elevation maintained the strongest topo-climatic relationship with
mean growing season temperature. Mean temperature decreases consistently at higher elevations
(Lukas et al., 2014). Longitude exhibited the strongest relationship with precipitation, followed
by latitude. This is to say that growing season precipitation increases on an east-west gradient as
well as a south-north gradient. When split regionally, northern plots showed that the dominant
factor associated with mean temperature was still elevation, but longitude exhibited a strong
association as well with increasing temperature along a west-east gradient. An explanation for
this may be the predominance of more montane sampling in the west. Relative to precipitation,
longitude still exhibited the strongest relationship, followed by latitude. Thus, precipitation
tended to be higher in eastern and more northern plots.
The southern region was subdivided into southwest and southeast regions for analysis.
However, all three data subsets exhibited relatively similar climate-topography associations with
a few marked differences. Like the North, all southern region temperatures showed strong
negative relationships between mean temperature and precipitation. Additionally, temperatures
across all southern regions showed negative associations between temperature and latitude, with
temperatures decreasing along a south-north gradient. Differences are apparent when looking at
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longitude’s influence on temperature as well as precipitation associations between the southwest
and southeast. In the southeast, we observe strong positive relationships between longitude and
temperature, while these relationships are strongly negative in the southwest. Thus, temperatures
in the southeast increase from west to east, while temperatures increase from east to west in the
southwest. In both cases, this pattern could be caused by the position of plot points away from
high elevations and cooler temperatures. Regarding southern precipitation, longitude exhibited
the strongest relationship in both the entire south and the southeast region. While in the
southwest, no relationships were apparent with longitude, but aspect and latitude both exhibited
negative relationships with precipitation.
On a state level, elevation is the primary influence over temperature with longitude and
latitude contributing more to precipitation influences. When broken down regionally, several
local differences are revealed: northern temperatures increase with movement to the east, all
southern temperatures decrease with movement to the north, southeast temperatures increase to
the east while southwest temperatures decrease to the west, and instead of a longitudinal
association with precipitation in the southwest there appears to be more influence exhibited by
aspect and latitude. Temperature relationships observed appear to be almost entirely associated
with elevation in one way or another. While we do observe a weak statewide trend of decreased
temperature in the northwest and increases in the southeast, latitudinal and longitudinal
relationships with temperature are most likely products of the relative distance from an area of
high elevation. Precipitation increases appear to be strongly associated with longitude and
latitude. Northeastern locations received higher average moisture. Relationships between
elevation and precipitation are expected. However, high elevations throughout Colorado are
known to receive much more moisture during the winter months as opposed to the growing
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season months represented in these data (Lukas et al., 2014). While 30-year normals are
implemented in many studies when assessing the general climate patterns across a given area,
dynamics between topography (Bigio et al., 2016; Schoennagel et al., 2004), regional weather
influences and global climate fluctuations (Lukas et al., 2014) can complicate potential
interpretations. Additionally, this analysis only accounts for areas in which ponderosa pine are
found in Colorado. Elevations represented fall between 1,700 - 3,100 meters.
PRISM’s 30-year climate norms only broadly reflect climate patterns occurring in
Colorado. Year to year these data vary depending on the monsoonal season or drought periods
induced by ENSO effects (Lukas et al., 2014). However, for the sake of determining regionally
long-term relationships between topography and climate these data work relatively well (Lukas
et al., 2014). That being said, aspect and slope associations may also be poorly represented in
this study, as the climate data resolution is too low to capture slight nuanced effects these
variables would have on local temperature and precipitation. Most of the plots were only 100200 meters apart and PRISM’s interpolated climate resolution is 800 meters.
Across all plots, temperature and elevation were associated with ignition fuels. Ignition
fuels increased at lower elevations and at higher temperatures while intensity fuels were higher
in more eastern plots and at higher elevations. However, these associations were very weak and
accounted for only 14% (at the most) of the variability in fuel values. In an attempt to isolate
more local associations between fuels and their environment, these data were also analyzed at
regional scales. This process resulted in strengthened associations.
Northern ignition fuels only exhibited positive associations with increased precipitation,
while intensity fuels showed increases at higher elevations, steeper slopes, and decreased
temperature. Interestingly enough, intensity fuels are only related to environmental variables in
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the northern plots. There are no relationships between environment and intensity fuels in the
southwest or southeast. Across all southern sites, ignition fuels exhibited positive associations
with mean temperatures. In the southeast, ignition fuels decreased at higher elevations and more
northern latitudes, while increasing at more eastern longitudes. Different relationships were
apparent in the southwest where ignition fuels increased at more western longitudes and along
less steep slopes.
While major relationships were exhibited between climate and topography, only
relatively weak relationships were observed between fuels and these explanatory variables.
Several issues related to this study contribute to weak associations between explanatory variables
and fuels. These data do not account for fuel management or disturbance. Initially, we believed
strong relationships would be evident, despite the uncertainty of disturbance across these
landscapes. FIA samples were spaced far apart, and most likely experienced completely different
fuel dynamics, even within this study’s regional subsets. Variation in disturbance regime across
plots could (as we saw with coarse woody debris accumulation) eliminate potential effects topoclimatic variables are having on fuel loads in Colorado. Additionally, FIA plots were sampled
only once and sampling times varied from 2002 - 2020, creating large temporal differences in
these data.
Low explanatory values associated with fuels and topo-climatic variables may also be
due to spatial extent mismatching. Fuel bed quantities are known to vary widely at fine-scale
resolutions, while variables such as precipitation, temperature, and elevation vary at larger scales
(Keane, 2012). Likely, regional climate patterns are exerting influence over a wide range of
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topography (Bigio et al., 2016). Unless nuanced climate variation across fine-scale aspect and
slope gradients can be accounted for, secondary effects these variables have on fuel load may be
cloudy at best when analyzed regionally.
Lastly, fuel size class compartmentalization (ignition vs intensity) works well for
analyses conducted in this study, but the need for more specific size classes, even more so than
what is currently being implemented (1–1000-hour fuels) (Keane, 2012) is becoming apparent.
Size variations within a standard fuel class, are quite large (Keane, 2012), and when used as
inputs for fire models, can be grossly inaccurate.
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CHAPTER III
RESULTS AND SYNTHESIS
Conclusions and Management Considerations
A crucial part of preventing and mitigating anomalous wildland fire is the
implementation of thinning and prescribed fire. These treatments act to reduce surface fuel load
through a controlled fire administered by land managers (Brennan et al., 1998). Prioritizing areas
to administer these management activities is crucial in wildfire mitigation, making the prediction
of fuel load in Colorado a valuable asset. Through forest floor fuel mapping, land managers can
gain valuable information about when and where the next severe, forest-altering wildfire may
occur (Krasnow et al., 2009). However, data incorporated in this system constantly needs to
reflect real-world climate-related shifts in vegetation and fuels. Thus, there is a consistent need
for more up-to-date datasets representing these changes (Ryan & Opperman, 2013).
This exploratory study sought to trace associations between topo-climatic variability and
fuel load dynamics throughout montane Colorado. Fuels data are exceedingly difficult to obtain
because real-time, accurate fuel loading must be physically measured. This process, if conducted
at fine scales, is time-consuming, expensive, and must be repeated often to maintain
spatiotemporal accuracy. Additionally, fuels can be extremely heterogeneous as seen in this
study. Transects or random plot sampling may completely miss substantial amounts of variability
in fuel loading, even on a within stand basis (Hall et al., 2006; Keane, 2012). Oftentimes, proxies
must be used to estimate fuel loads in place of physical measurements (Lydersen et al., 2015).
Fire prediction models like LANDFIRE rely on contributed fuels, vegetation, and disturbance
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data. However, these contributions are slow, temporally static, and lacking in quantity. New data
is consistently needed to provide land managers with up-to-date fuel knowledge (Ryan &
Opperman, 2013). If fuel estimation techniques become more refined, fire model inputs can be
produced more rapidly and at finer scales, thus providing more up-to-date and reliable fire
prediction capability.
Specific fuel deposition and decomposition rates are instrumental in estimating accurate
fuel bed quantities as well as future changes to them. However, little information is available
regarding spatial fuel variability throughout Colorado’s ponderosa pine forests (Keane, 2012,
2016). Even less information is available regarding fuel relationships to local topography and
climate (Bigio et al., 2016). Topo-climatic data are much more readily available than fuels data
for much of the coniferous west, especially in hard-to-reach montane zones where sampling may
be arduous. Thus, understanding how fuels are influenced by these factors at fine scales (<0.1
hectares) may help improve predictive fire behavior and effect capability (Lydersen et al., 2015)
Robertson and Bowser sites allowed for a change over time data structure rarely seen
with coarse fuels data in Colorado. Over the 27-year period (1994-2021) all plots except for
number 118 exhibited CWD increases. These increases varied across and within sites. Growing
season precipitation exhibited the strongest association with CWD increases. Basal area
increases also exhibited an association with CWD increases. However, both of these
relationships were negative. In plots with less precipitation, there were smaller, but more
consistent increases in coarse woody debris. Additionally, in plots with basal area decreases, we
observe more consistent increases in CWD. Topography’s role in CWD variability was minimal,
with the strongest negative relationship occurring between CWD and elevation. Overall, these
data exhibited weak relationships with one another. Underlying factors contributing to this are a

75
mismatch of data resolutions, low sample size, and probably most importantly, the stochastic
nature at which CWD is deposited on the forest floor (Addington et al., 2018; Keane, 2012,
2016).
Robertson and Bowser data also allowed for analysis of organic decay rates relative to
topo-climatic variability throughout the 2021 growing season. Significant differences in
decomposition across sites were not observed between sites, but strong relationships between
decomposition rates and environmental variables were elucidated. The predominant influences of
decomposition rates across sites are as follows: the number of days exposed, aspect, temperature,
precipitation, and elevation. It was apparent that elevation and aspect strongly controlled
temperature and moisture, and climatic variables are known to drive microbial activity which in
turn stimulates decomposition (Krishna & Mohan, 2017). Based on this study: low elevations
with northeast-facing slopes and higher elevations with southwest-facing slopes should exhibit
increased decomposition as each topographic combination results in a more balanced
temperature to precipitation ratio. As such, neither climate variable acts as a limiting factor on
microbial activity within these topographies. Data relating environmental influences and
decomposition rates may prove beneficial in calculating fuel mass lost over time in different
montane settings. That being said, the sample size in this study was less than ideal, and again,
topography varied at finer scales than did climate data. This is sure to introduce error and skew
actual topo-climatic relationships.
The primary force influencing climate patterns in FIA plots appeared to be elevation.
Other strong associations between climate and topography (mostly latitude and longitude)
revealed themselves. However, it is likely that these relationships were influenced by
background changes in elevation or relative distance to a high elevation area (Lukas et al., 2014).
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Slope and aspect played minor roles in topo-climatic associations. In addition, forces
contributing to fuel variance also seem to be tied with elevation. Northern fuel dynamics follow
logical thought processes. Ignition fuels rely heavily on precipitation, especially in moisturelimited areas of the southwestern U.S. (Rocca et al., 2014). Intensity fuels were observed to
increase at higher elevations and lower temperatures. This represents montane influences on
climate as well. There is a higher potential for safeguarding long-term fuel loads in these areas
via increased vapor pressure deficit and increased winter precipitation (Schoennagel et al., 2004).
Southern regions exhibited increased ignition fuels relative to higher temperatures. These are
likely related to similar opposing longitudinal relationships seen with temperature between
southern regions previously. However, all relationships are weak and only account for around
21-30% of fuel variability seen.
These FIA data conclude little association between environment and fuels, likely due to
resolution limitations and lack of incorporated disturbance and management. Fuels, especially
coarse woody debris are highly subject to stochastic processes associated with mortality
(Addington et al., 2018; Keane, 2012, 2016). Additionally, disturbance likely occurred within
many of these plots, but the intensity and time of disturbance were unknown and unaccounted for
in the present study. Temporal distance from a disturbance event can account for a great amount
of variability in fuel accumulations, and studies have indicated that time since fire has proven
quite effective in explaining fuel load variability within ponderosa pine forests of the Colorado
Front Range (Hall et al., 2006).
The need for multi-year fine-scale climate-fuel associations will be instrumental in
predicting future wildfire hazard. Climate change impacts on fire regimes and associated drivers
are predicted to strengthen in the coming years (Abatzoglou & Williams, 2016; Addington et al.,
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2018; Fry et al., 2018; Rocca et al., 2014). Increases in vapor pressure deficit (Abatzoglou &
Williams, 2016; Stevens-Rumann et al., 2018), extended drought periods, and earlier snowpack
melt (Rocca et al., 2014) in tandem with abnormally dense fuel loadings throughout much of
Colorado’s forests (Addington et al., 2018) highlight the need for improved wildland fire
prediction. With increases in both the frequency and severity of wildfire throughout much of the
Western United States, wildlife, ecosystem health, water quality, and people inhabiting the
wildland urban interface are in a precarious position (Addington et al., 2018).
While there is no “catch-all” solution to wildland fuel prediction, estimation via
environmental associations may provide a greater understanding of fuel dynamics. This research
illuminated vague relationships. However, future studies will need to incorporate fine-scale
vegetative, topographic, and climatic data in tandem with disturbance records if environmental
fuel associations are to be clearly illuminated. Future endeavors should aim to evaluate yearly
changes in fuel sources and local climate at fine scales (<0.1 hectares) as fuels may exhibit
extreme variability within stands. Ideally, monitoring projects would sample across landscape
scales, while accounting for fine-scale complex topographic heterogeneity within sampling areas.
Limitations to this goal include low manpower and lack of high-resolution data for each of these
categories.
A greater understanding of the complete ecology of wildland fuels must be achieved
(Keane, 2012) so that researchers can gain a holistic view of how fuel deposition, decomposition,
and accumulation are governed by all environmental processes simultaneously. With increases in
high-resolution data acquisition, wildland fuel estimation could evolve into a more robust and
accurate technique, thus fueling fire prediction models.
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